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Abstract
Membrane chemical degradation is one of many factors that can impact fuel cell
durability. The fuel cell’s performance and lifetime heavily depends on the membrane
and its ability to maintain chemical and mechanical integrity. In Nafion® membranes,
hydroxyl radicals are the primary cause of chemical membrane degradation as they attack
the membrane’s polymer structure. Radical formation can ensue via peroxide
decomposition at the cathode or gases reacting on Pt particles or contaminants like Fe (a
fenton's reagent) within the membrane. As radicals attack the membrane’s polymer
structure the membrane thins, and fluoride and sulfate ions are released. This
consequently causes mechanical failures to transpire, e.g. cracks, tears, perforations and
pinhole formation, leading to an increase in membrane degradation and a decrease in fuel
cell performance. Though the membrane has been investigated extensively under various
operating conditions, there has not been any research on the correlation between
electrode composition (Pt loading, carbon type, ionomer content and thickness) and
degradation. This is critical as the Pt loadings are being reduced to achieve targets for
v

commercialization. The focus of this research is to probe membrane degradation for
MEAs with ultra-low Pt loadings (i.e. ≤ 0.1 mgPt cm-2) at each electrode to contribute to
existing knowledge of membrane degradation mechanisms.
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1. Introduction
Polymer electrolyte membrane fuel cells (PEMFCs), also known as proton exchange
membrane fuel cells are a type of fuel cell being developed for medium scale energy
conversion technologies, i.e., transportation and stationary applications. Fuel cell
technology is important because it can potentially be the leading renewable hydrogen
energy power source to replace fossil fuel engines. The use of fossil fuels has dramatically
damaged the environment via pollution and climate change; thus, creating a need for
alternative energy sources. The development of these clean, renewable energy power
sources is critical since fossil-fueled engines are the primary generators of power for
transportation and stationary applications. Fuel cells are proven capable of powering cars
or buses and large facilities while not emitting harmful gases to the environment. Hydrogen
is used as the fuel and the PEMFCs convert chemical energy into electrical energy with
water and heat as byproducts. Fuel cell commercial application has been limited by cost,
performance, and durability. Manufacturing fuel cells is costly, and much of the high cost
can be attributed to the use of platinum catalysts. There are several different components
within a cell, and it is paramount that they are durable. The platinum catalyst and ionomer
membrane are expensive core elements in PEMFCs; as these components degrade
performance and lifetime are reduced.

1.1. PEMFCs
PEMFCs produce an electrical current through a pair of redox reactions. A fuel cell
consists of two electrodes (anode and cathode) and an electrolyte, allowing ions to move
from one electrode to another (Figure 1.1). The electrodes are electrical conductors in
contact with the electrolyte, fuel or oxidant. A catalyst is placed on the electrodes to
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facilitate electrochemical reactions by reducing electron transfer losses. The ideal catalyst
for PEMFCs is platinum (Pt), an expensive precious metal. The redox reactions in a
PEMFC are the hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR).
At the anode, HOR occurs; hydrogen (H2) is the fuel that is supplied to the anode, and Pt
dissociates hydrogen into atoms and oxidizes them to protons (H+) and electrons (e-). HOR
requires minimal amounts of Pt since the exchange current density is high for this reaction.
The electrons flow through current collectors producing a useful current while protons
permeate through the electrolyte, a proton exchange membrane (PEM). ORR ensues at the
cathode, but far more Pt is required to overcome the sluggish electron transfer kinetics of
the reaction. This reaction produces water via oxygen (O2) molecules combining with
protons and electrons. The final products from fuel cell reactions are an electric current
performing useful work, water, and heat. The Pt catalyst is of high importance because it
lowers electrokinetic losses, however an optimized membrane is also of great importance.
𝑃𝑡

𝐻2 → 2𝐻 + + 2𝑒 −

(1)

𝑂2 + 4𝑒 − + 4𝐻 + ⟶ 2𝐻2 𝑂 + 𝐻𝑒𝑎𝑡

(2)

Figure 1.1: Fuel cell schematic
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1.2. Proton Exchange Membrane
The membrane is a critical component of fuel cell systems. The membrane is
constructed into a membrane electrode assembly (MEA), where the thin PEM is positioned
in between an anode and cathode. Its primary function is to allow protons to diffuse or
migrate from anode to cathode and to act as a separator between reactant gases.[1] The
membrane is

a

high

molecular weight

polymer structure

consisting

of a

polytetrafluoroethylene (PTFE) hydrophobic backbone, as well as hydrophilic side chains
terminated with sulfonic acid groups. PTFE provides the membrane with its mechanical
strength and stability to withstand harsh chemically oxidizing (cathode) and reducing
(anode) operating conditions. Anionic sulfonic acid groups on side chains provide the PEM
with its high proton conductivity when hydrated so that sufficient ion current is maintained
while minimizing resistance losses and eliminating electronic conductivity. The ideal PEM
possesses proton conductivity independent of humidity and gas crossover to maximize
Coulombic efficiency.[1,2] The properties of the PEM thus impact performance, and the
system’s viability partly depends on membrane durability.
Membrane decomposition is one of the many factors that limit fuel cell durability. If
the membrane degrades in any facet, then performance and lifetime may be diminished.
Once the membrane begins to breakdown, diatomic H2 can readily diffuse through thinning
areas and/or pinholes within the membrane. The mixing of gases within the membrane
causes a decrease in electrochemical potential leading to a decline in performance.[3]
Membrane failure can occur during fuel cell operation or manufacturing and assembly.[4,5]
Each of these failures can be identified by the degradation mode, chemical and mechanical.
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Figure 1.2: Chemical structure of Nafion from Ref [6]

1.3Types of Membrane Degradation
1.3.1 Chemical
Chemical degradation is the mechanism by which peroxide radicals attack the
membrane’s polymer structure incuding the backbone and/or side chains. Peroxyl (OOH•)
and hydroxyl (OH•) radicals attack the membrane’s polymer functional groups (C2F4 and
SO3H). These radicals are generated when hydrogen peroxide (H2O2) decomposes .[7–9]
At the cathode, ORR is expected to occur via a four-electron transfer producing water, but
when only two electrons transfer, peroxide forms. Research has shown that there is an
inverse relationship between working potential and peroxide production. At low potentials
(0.075-0.3 V) and high current densities insufficient electron transfer leads to increased
peroxide generation.[10,11] Peroxide production is more favorable at lower potentials at
low pH as shown in the Pourbaix diagram.[12] It has been proposed that incomplete ORR
results in radical formation by oxygen diffusion and reacting on Pt catalyst at the
anode.[13,14] Another mechanism of radical formation is the heterogeneous reaction of H2
and O2 on Pt species embedded within the membrane.[15]
Irrespective of the location of radical formation, these radical attacks lead to an
increased membrane degradation rate. Previous research efforts have shown that radicals
attack the PEM in three specific ways: end group unzipping, side chain attack, and main
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chain scission.[16] End group unzipping occurs via OH• attacking H-bonds contained in
the carboxylate end groups.[17,18] Side chain attacks evolve from OH• attacking the
carbon-sulfur bonds leading to shortened side chains and hydrogen fluoride (HF) emitted
after polymer breakdown.[7,19,20] Main chain scission stems fromhydroxyl radical attack
on secondary or tertiary carbon-fluoride bond, extracting the fluorine (F) atom.[7,21] These
attacks on the polymer’s structure releases decomposition species from the polymer
structure, specifically fluoride and sulfate. The chemical breakdown and release of fluoride
and sulfate ions cause membrane breakdown and fuel cell performance loss.[22,23]
𝐻2 + 𝑂2 → 𝐻2 𝑂2

(3)

2𝐻 + + 𝑂2 + 2𝑒 − → 𝐻2 𝑂2

(4)

1
2

𝐻2 𝑂2 → 𝐻𝑂•

(5)

𝐻2 → 2𝐻 •

(6)

𝐻 • + 𝑂2 → 𝐻𝑂2 •

(7)

𝐻𝑂2 • + 𝐻 • → 𝐻2 𝑂2

(8)

Figure 1.3: Electrochemical reactions within PEMFCs
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Figure 1.4: Pourbaix diagram for hydrogen peroxide. Equation 4 is labeled 4 in the diagram. Other
notations for equilibria can be found in Ref. [12].

1.3.1.1
Influence of Impurities
Fuel cell impurities can impact fuel cell performance and durability. The presence of
trace amounts of metal impurities can accelerate radical generation. Impurities can
decrease proton conductivity, and reduce water concentration. Cation impurities such as
alkaline metals and ammonium can migrate into the membrane. Here sulfonic acid
groups will have a stronger affinity for the cation impurities than H+; thus, these ions will
occupy active ion exchange sites for proton transport. The ionic charge of polyvalent
cation will decrease the proton conductivity and may cause swelling of the
membrane.[24,25] Metal ions such as Fe2+ and Cu2+ can contaminate the membrane and
become Fenton reaction catalyst,s accelerating radical formation. These ions stem from
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metal bipolar plate or end plate corrosion. Even the tiniest amounts of metal impurities
can increase radical generation significantly and, consequently, membrane degradation.
𝐻2 𝑂2 + 𝐹𝑒 2+ → 𝐻𝑂• + 𝑂𝐻 − + 𝐹𝑒 3+

(9)

𝐹𝑒 2+ + 𝐻𝑂• → 𝐹𝑒 3+ + 𝑂𝐻 −

(10)

𝐻2 𝑂2 + 𝐹𝑒 3+ → 𝐻𝑂2• + 𝐻2 𝑂

(11)

𝐹𝑒 2+ + 𝐻𝑂2• → 𝐹𝑒 3+ + 𝐻𝑂2−

(12)

𝐹𝑒 3+ + 𝐻𝑂2• → 𝐹𝑒 2+ + 𝐻 + + 𝑂2

(13)

1.3.2 Mechanical
Mechanical degradation of the membrane can transpire during the assembly process or
emerge during chemical degradation. Examples of mechanical failures are tears, cracks,
punctures, or pinholes. Cracks and tears develop when the membrane experiences
increased stress; this can be at the reactant inlet or edges of the flow fields.[26] Improper
gas sealing results in failure due to increased gas crossover near edges.[27] Pinhole
formation allows reactant gases to crossover and react on catalyst sites.[28] Consequently,
gas crossover generates a mixed potential that offsets the electrochemical reaction
decreasing cell potential throughout its lifetime. Creep is when a material slowly moves or
permanently deforms due to persistent applied stress. The MEA is subjected to constant
compressive pressure between bipolar plates leading to membrane creep, causing the
membrane to thin and develop cracks or pinholes. Dry membranes showed an increasing
creep rate with time, while hydrated membranes had a slower creep rate.[3] Throughout
fuel cell operation, variation in humidity impacts the membrane.[29–31] Under humidified
conditions, the membrane can swell from excess water in the membrane. The membrane
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will become fragile and brittle at low humidity because of the low water content. Hence
membrane degradation is more susceptible to arid conditions.

1.4 Impact of Pt on Membrane Degradation
1.4.1 Catalyst Durability
Platinum-based catalysts supported on carbon, are the standard in PEMFCs, but
it’s lack of durability is a significant factor. Pt supported on carbon catalysts are in the
nanometer size range, 2-6 nm.[32] Catalytic activity is impacted by particle size; the
smaller the size, the higher the surface area, i.e. the better the dispersion. The increase in
surface area results in better fuel cell performance per gram of catalyst used, however
small particles exhibit lower thermodynamic stability than larger ones. During fuel cell
operation the electrochemical Pt surface area decreases over time, which can be
attributed to increased Pt particle size due to Oswald ripening or coalescence, Pt loss due
to ions migrating into the electrolyte, and the detachment of Pt from carbon
support.[32,33] The decrease in surface area diminishes fuel cell performance.
Pt catalysts in PEMFCs are exposed to harsh conditions. At the anode, the Pt is
subjected to a reducing H2 environment, whereas it is at an oxidizing environment in the
cathode. Also, at the cathode is where high potentials occur (> 0.6 V), and to achieve
better efficiency, an increased operating potential is required; for short periods, potentials
will be > 1.0 V.[34,35] The increase in potential provides higher efficiency as well as
accelerates catalyst degradation. The high potentials, coupled with the low pH of
PEMFCs, results in Pt catalyst corrosion. Pt dissolution can transpire direct dissolution or
indirect chemical mechanisms.[12] Direct dissolution occurs specifically at low pH and
high potentials, while chemical dissolution happens at higher pH via hydroxide
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formation, oxidation, and detachment. Research has shown smaller particles are less
stable in acidic environments. A 0.5 nm Pt particle dissolves at 0.7 V, while 1 nm
particles dissolve at 0.93 V.[36] Fuel cell operating conditions can influence catalyst
degradation—increasing humidity increases Pt surface area loss and particle size
growth.[37,38] Also, Pt dissolution accelerates with increasing temperature.[32] The
degradation of Pt-based catalysts in PEMFCs reduces performance and contributes to fuel
cell failure.
𝑃𝑡 → 𝑃𝑡 2+ + 2𝑒 −

(14)

Figure 1.5: Pourbaix diagrams[17,36] for (A) Pt stability and (B) Pt particles with varying radius. Equation
14 corresponds to 5 and 5’ in 1.4A. Other notations for equilibria can be found in Ref [17].

1.4.2 Membrane Degradation
Platinum's role in fuel cell systems is vital to performance; however, the presence of Pt
has been shown to impact the membrane degradation rate. Without the Pt catalyst, studies
show that membrane degradation decreases by a factor of 75.[3] Catalyst location was
investigated, proving that with Pt on the anode only or in the middle of a bilayer membrane,
an extended time is needed for degradation to occur.[39] Also, their findings also showed
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that Pt pre-exposed to oxygen increases degradation and fluoride emission rate
immediately. Ghassemzadeh demonstrated that membrane degradation is insignificant
without the combination of H2, O2, and Pt.[19] The acidic environment of PEMFCs
coupled with high cell voltages causes Pt to be unstable; evidence from scanning electron
microscopy and transmission electron microscopy confirmed Pt dissolves from the cathode
and deposits into the membrane forming a Pt band.[40–44] Shape and size vary between
Pt particles in the electrode and those found in the membrane. In addition, the presence of
multiple Ptz+ ions in aged membranes were found.[45] Wang et al. reported the
concentration increase of Pt dissolution from 0.65 V to 1.1 V, and at voltages greater than
1.1 V, this concentration decreased.[46] Thus as the fuel cell undergoes voltage cycling
from 0.7 to open circuit voltage (OCV), Pt will dissolve at OCV then precipitate as the
voltage decreases.[47] Darling and Meyers created mathematical models for Pt dissolution
and deposition into PEMFCs.[42,48] The models showed that Pt dissolution is controlled
by potential, particle size, and oxide coverage. Pt particles will not increase in size if Ptoxide (PtO) solubility is insignificant; therefore, the potential drives Pt dissolution while
PtO is chemically dependent. Pt dissolution results in the formation of Ptz+ ions at the
cathode; these Pt ions can then migrate into the membrane. Gas diffusion reacts with the
Pt to continuously oxidized/dissolve by oxygen and is reduced/deposited by hydrogen.[45]
Pt precipitates into the membrane via the reaction between the cathode/membrane interface
and hydrogen gas crossover.[49] The location where Pt precipitated is dependent upon the
concentration of hydrogen crossover from anode to cathode. Oxidized Pt ions are
chemically reduced by hydrogen crossover; this reaction reduces hydrogen concentration
significantly. Bi et al. indicated that the location where all reactant gas crossover is depleted
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provides a point where Pt precipitates due to the partial pressures of hydrogen and
oxygen.[40] Burlatsky et al. also investigated partial pressures effect on Pt deposition.
Applying OCV testing results showed that the band forms where the potential decreases
from the cathode potential to the anode potential.[50] Pt band can form in the membrane
as a result of Pt dissolution. These Pt particles and bands become a reaction site for
peroxide radicals in the membrane, thus increasing the rate of membrane degradation.[51]
Many factors affect Pt band formation and location, including but not limited to voltage,
temperature, and humidity. Voltage cycling leads to catalyst layer degradation, thus
increasing Pt band formation in the membrane.[52,53] In an investigation of Pt band
location, the operating conditions varied under constant current or constant voltage.[54] At
hydrogen/air and constant current conditions, a wider band is produced located near the
cathode. At OCV, a narrower band, further away from the cathode formed because of the
reactants' high concentrations. When operating with hydrogen/oxygen at constant current,
the Pt band formed the furthest away from the cathode. The findings showed that the
location of the Pt band is where the oxygen concentration is reduced by hydrogen
crossover. Varying the partial pressure of reactant gases was found to affect Pt particles'
shape and size.[49,50] The distinct faceted shapes are formed as a result of the local
hydrogen partial pressure. Operating at open circuit voltage results in more Pt nanoparticles
depositing into the membrane; these Pt species increase peroxide radical generation
affecting the membrane's physical properties.[41,55]

1.5 Mitigating Degradation Strategies
Numerous methods have been developed to minimize membrane degradation and
extend membrane longevity. These methods include implementing reinforced membranes
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and radical scavengers. Reinforced membranes are developed via chemical modifications
of the polymer structure or physical reinforcement.[56,57] Examples of chemical
modifications are annealing, uniaxial stretching, and polymer cross linking.[57–60]
Impregnating a mechanically stable organic or inorganic matrix with PFSA dispersion
physically reinforces the membrane. Reinforcing the membrane alters the polymer
membrane's chemical structure, increasing mechanical integrity, yet these membranes are
still susceptible to radical attacks.[61] Radical species are found throughout the entire
membrane electrode assembly. The addition of radical scavengers diminishes the
concentration of peroxide, inherently reduces the formation of free radicals and their attack
on the membrane.[62] A variety of metal particles and metal oxides are utilized as radical
scavengers.[63–66] The most common and effective radical scavengers used are cerium
(Ce3+) and manganese (Mn2+), and their oxides CeO2 and MnO2. Fluoride emission rates
decreased by a factor of 1000 and 100 with Ce3+ and Mn2+, respectively at OCV and high
temperature, low humidity conditions.[67] Ce has a higher scavenger efficiency than Mn
due to Ce having a faster reaction rate with hydroxyl.[66–68] In addition, Ce is selfregenerative in acidic conditions. Ce3+ can be produced rapidly via the reduction of Ce4+
in contact with H2O2 as well as H2, H2O, OOH• on the Pt catalyst layer.[68]
𝐶𝑒 3+ + 𝐻𝑂• + 𝐻 + → 𝐶𝑒 4+ + 𝐻2 𝑂

(15)

𝐶𝑒 3+ + 𝐻𝑂𝑂• + 𝐻 + → 𝐶𝑒 4+ + 𝐻2 𝑂2

(16)

𝐶𝑒 4+ + 𝐻2 𝑂2 → 𝐶𝑒 3+ + 𝐻𝑂𝑂• + 𝐻 +

(17)

𝐶𝑒 4+ + 𝐻𝑂𝑂• → 𝐶𝑒 3+ + 𝑂2 + 𝐻 +

(18)

Cerium ions and oxides deposited into the MEA may migrate from electrode to
membrane and vice versa.[67,69,70] The migration of these scavengers can impact
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mitigation efficiency, especially in long-term operation. Ceria is an effective radical
scavenger against mitigating membrane degradation, but its mobility though lower than
Ce ions, still presents a problem. [69,70]

1.6 Review of Existing Membrane Degradation Mechanisms
There are a number of past studies on the effect of operating conditions on membrane
breakdown. Kundu et al. investigated membrane durability at different humidity levels.[61]
An 80 cm2 fuel cell was assembled with Gore™ PRIMEA® series 5510 membranes. An
OCV durability test was performed at 90oC at four humidity levels: 20%, 50%, 75%, and
100%. Gas crossover measurements and fluoride release rates (FRR) were used to compare
samples. In addition, a semi-empirical model was developed based on experimental results.
Hydrogen crossover decreased with an increase in humidity. Under OCV conditions, their
findings revealed that increasing the moisture leads to a more durable membrane and
extended lifetime. This was confirmed by lower humidity levels producing a higher total
FRR and SEM images of degraded samples. Membranes at 20% and 50% humidification
levels had more extensive membrane thinning than samples at 75% and 100%. The semiempirical model illustrated the relationship between the beginning of life crossover and
initial FRR. Membranes with a higher hydrogen crossover at the start of testing tend to
degrade at a more rapid rate. Operating at lower humidification levels results in more
membrane thinning evident by SEM images and higher FRR. In addition, the initial
hydrogen crossover measurement can be used when comparing membranes under identical
conditions. Inaba et al. investigated the impacts of operating conditions on gas crossover
and membrane degradation.[71] This research effort focused on the effects of cell
temperature, humidification, and gas pressure. A 25 cm2 fuel cell was constructed with a
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30 µm thick membrane, and Pt catalyst loadings were 0.45 and 0.4 mg cm-2 for anode and
cathode, respectively. The durability test was holding the cell at OCV at a temperature of
80oC with humidification at 60oC. Gas crossover was used as an indicator of membrane
degradation; their findings demonstrated that crossover increases with temperature and
relative humidity. There was a relationship shown between gas pressure and hydrogen
crossover; as the pressure increased, so did the crossover current density. The crossover
current density was five times higher at 0.2 MPa than when it was atmospheric pressure
suggesting that the gas pressure impacted hydrogen crossover more than temperature and
humidification. They also examined crossover when a pressure difference existed, showing
that hydrogen pressure was a dominant factor. When hydrogen was at a higher pressure, it
can produce a higher crossover than if forces were equal on both electrodes. The OCV
durability test was applied for 60 days, and hydrogen crossover was measured every 24
hours. In the initial 30 days, there was no significant increase in the crossover, it was
measured at approximately 0.8 mA cm-2. At the end of testing, the crossover was measured
at 11 mA cm-2, implying membrane degradation via thinning/pinhole formation.
Throughout this experiment, effluent water was collected to analyze the fluoride release
rate. At the beginning of OCV testing, FRR was 0.05 mg/day and gradually increased with
time to a final FRR of 0.1 mg/day. In addition to FRR measured throughout fuel cell
lifetime, FRR was measured as a function of humidification. There was an inverse
relationship between FRR and humidification level; as humidity decreased FRR increased
an indication of more membrane degradation at low humidity. Also, FRR was collected in
oxygen and air environments. Oxygen environments produce FRR that was three times
higher than rates produced in air environments, suggesting that the oxygen crossover
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concentration increases, thus more membrane degradation. This research investigation
showed that temperature, humidification, and backpressure affect gas crossover. Gas
pressure had the most impact on membrane degradation. In the OCV durability test,
hydrogen crossover increased significantly from start to finish signifying membrane
thinning or pinhole formation.
Membrane degradation, as a function of membrane thickness, has been investigated.
Yuan et al. conducted an in-situ and ex-situ diagnosis of membrane degradation with
various membrane thicknesses.[72,73] A four-cell stack with membranes of different
thicknesses with a 50 cm2 active area was tested for 1000 hours. The Pt catalyst loadings
were 0.3 mg cm-2 on both electrodes. Dupont® Nafion membranes purchased from Ion
Power were used throughout this experiment: N117 (183 µm), N115 (127 µm), NR212
(50.8 µm), and NR211 (25.4 µm). In situ analysis included OCV and linear sweep
voltammetry. OCV results showed an increasing trend with an increase in membrane
thickness. OCV decreased at a more rapid rate for thinner membranes, NR211 had an
average decay rate of 0.26 mV h-1 while N117 decreased at 0.09 mV h-1. Performance
analysis applied with polarization curves illustrated that thinner membranes yield better
performance. Significant loss of performance occurred after 800 hours of operation and
can be attributed to the huge increase in hydrogen crossover. Hydrogen crossover is
observed with all the membranes. The beginning of life crossover was higher for the
thinnest membrane, hence the lower OCV obtained with this membrane. The thicker
membranes, N117 and N115, did not show a significant change in crossover throughout
testing. NR212 had a substantial increase in the crossover at 1000 hours, while NR211
began increasing at 600 hours of testing and increased with time. Ex-situ analysis of the
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fuel cell stack using SEM provided valuable results. Membrane thinning was confirmed,
NR211, NR212, N115, and N117 decreased by 66%, 68%, 37%, and 21%, respectively.
These losses in membrane thickness were more observed in NR211 and NR212, correlating
to thin membranes requiring little degradation to observe an increase in hydrogen
crossover. Infrared imaging of the samples showed pinhole formation in NR211 and
NR212 membranes. This imaging verified that pinhole formation was the source of
membrane failure more so than membrane thinning. The investigation of membrane
thicknesses showed that thinner membranes might provide better performance however,
thinner membranes are more susceptible to degradation. Crossover can increase
tremendously in thinner membranes with minimal membrane thinning. Membrane failure
is not only attributed to membrane thinning, but it is impacted by pinhole formation more
so in thinner membranes. In another research investigation, Zhao et al. varied the
membrane thicknesses but with reinforced membranes.[74] Three samples were used A,
B, and C, with membrane thicknesses of 15.24, 19.41, and 26.89 µm, respectively. A 24
cm2 active area, single-cell, was used with Pt loadings of 0.2 and 0.4 mg cm-2 on anode and
cathode, respectively. The samples were tested under OCV conditions for 500 hours at
80oC, 30% RH. The thinnest membrane had the highest decay rate of 0.37 mV h-1, while
the thickest membrane decayed at 0.01 mV h-1. As expected, hydrogen permeability
increased as the membrane thickness decreased. Throughout testing, there was a minimal
increase in hydrogen crossover for samples B and C. Sample A began to increase at 300
hours, and the end of testing crossover current density was ~ 35 mA cm-2. Fuel cell effluent
water was collected to calculate fluoride emission rates (FER). Membrane A showed the
greatest FER throughout this experiment. Initial FER were as follows 0.25, 0.07, and 0.01
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for Membranes A, B, and C. Membrane A emits fluorine that is at least three times higher
than membrane B, and A is an order of magnitude higher than membrane C. In addition,
this research effort examined the impact of OCV testing on particle size. Their results
showed an increase in average platinum particle size from 3.5 nm to 5.5 due to Pt
agglomeration after extreme hydrogen permeability in membrane A. There was a minimal
increase in membrane C; the average particle size was 4 nm. Membrane thickness is an
important parameter for membrane durability. Thinner membranes are more vulnerable to
membrane degradation, evident by the increased FER.
The impact of Pt catalyst and Pt alloys on membrane degradation was investigated.
Mittal et al. studied underlying membrane degradation mechanisms emphasizing catalyst
properties and its interaction with reactant gases.[75] In this investigation, three types of
catalyst were used, Pt-black, Pt/C, and PtCo/C, with loadings of 1, 0.5, and 0.5 mg cm-2,
respectively. An OCV hold was applied to all the samples at 90oC and various humidity
levels. At 30% RH cells with Pt-black and Pt/C had similar FERs at 2.5 µmol h-1 cm-2 while
the Pt alloy had 1.3 µmol h-1 cm-2. At 100% RH, the FERs with Pt-black, Pt/C, and PtCo/C
were measured at 0.83, 0.36, and 0.43 µmol h-1 cm-2. These findings indicate that the
catalyst's properties, in conjunction with humidity, affect membrane degradation. Arid
conditions accelerate membrane degradation; PtCo/C may be the better catalyst to use in
such conditions. In fully humidified conditions, the results indicate that Pt/C is the better
catalyst for durability. In another study Rodgers et al., conducted lifetime tests of
membranes with Pt/C and PtCo/C catalysts.[76] Catalysts were placed on a 25 µm thick
membrane with loadings of 0.4 mg cm-2 on both electrodes and assembled into a 25 cm2
fuel cell. An accelerated durability test at 90oC, 30% RH was applied for 100 hours to
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observe different catalysts' effects on membrane degradation. Initial hydrogen crossover
measurements were almost identical at 0.6 and 0.7 mA cm-2. Membrane with PtCo alloy
experienced minimal change in crossover. The membrane with Pt showed an increase in
hydrogen permeability by 6%. OCV profiles showed that initial voltages were similar, but
Pt/C suffered more voltage loss. The voltage degradation rate was 0.6 and 1.1 mV h-1 for
PtCo/C and Pt/C, respectively. Fuel cell effluent water was collected throughout testing to
analyze the FER. The FER increased with time for both catalysts, but Pt/C produced a FER
that was at least seven times higher than PtCo/C. The total amount of fluoride emitted was
152 µmol for PtCo/C, while Pt/C emitted 550 µmol. Ex-situ analysis using SEM images
showed that there was no thinning or damage to the membrane with PtCo/C. However, the
Pt/C membrane not only showed membrane thinning, a Pt band formed throughout testing.
This research effort showed that a catalyst type could affect the durability of a membrane
and its properties. The alloy catalyst PtCo/C allowed membrane to have limited membrane
thinning and fluoride loss. However, Pt/C resulted in a Pt band in the membrane and a
significant fluoride loss.
Operating at such high cell voltages allows Pt to precipitate into the membrane.
Investigations of studying membrane decomposition with Pt particles already positioned
into the membrane has produced interesting results. Hasegawa et al. intentionally placed
Pt in the membrane then studied its impact on membrane durability.[51] A triple-layer
membrane was fabricated using a NR212 membrane sandwiched between two NR211
membranes. Galvanic cycles from 0-0.8 mA/cm2 were applied to dissolve Pt in the
membrane. Four samples were prepared for testing: electrodes with Pt band, electrodes
without Pt band, no electrode with Pt band, and no electrodes without Pt band. The
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membranes were degraded using an OCV accelerated stress test at 80oC with 60oC
humidity. When having either Pt band or electrodes, membranes with electrodes produce
more fluoride. The membrane with Pt band and electrodes produced the highest FER; it
was at least 1.5 times higher than the next membrane sample. Membranes with only
electrodes yielded the second-highest FER followed by Pt band without electrodes and
finally membranes without either Pt band or electrodes. These FER suggested that the Pt
band by itself is not as detrimental to membrane degradation, but when electrodes are
coupled with a Pt band, FER increases significantly. SEM images and carboxyl/CF ratios
of membrane cross-sections showed that carboxyl groups have a higher density near the Pt
band. This research investigation illustrated that the Pt in the membrane contributes to the
membrane degradation mechanisms. This is profound when the Pt band is coupled with
electrodes, which increases membrane degradation rate.
The addition of radical scavengers into MEAs decelerates the membrane degradation
rate considerably by reducing the concentration of peroxide radicals. Pearman et al.
investigated membrane durability by incorporating cerium oxide nanoparticles into the
membrane.[77] PFSA membranes were incorporated with 0.5, 1, and 2 weight percent of
cerium oxide. Single cell 25 cm2 active areas and Pt loadings of 0.375 mg cm-2 were used
throughout this research effort. An OCV durability AST was applied for 94 and 500 hours.
Several samples were prepared for the 94-hour hold OCV test: a baseline without cerium
oxide, three samples with synthesized cerium oxide, and three samples with commercial
cerium oxide. The OCV decay rate was 0.9 mV h-1 for the baseline sample. When ceria
was added, the OCV decay rate decreased by at least 50%. There was no significant
difference in the voltage decay rate between various weight percentages. Fluoride emission
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of the baseline decreased on average by 12%. Samples with ceria additives produced FER
below 1 ppm, equating to less than 0.5% of fluoride loss. Therefore, the addition of ceria
reduces fluoride emission by at least one order of magnitude. Cross-sectional SEM images
showed Pt band formation in membranes without ceria, synthesized ceria, and commercial
ceria. A 500-hour durability test was applied because the 94-hour experiment was too short
in time. Membranes used in the 500-hour OCV hold was baseline without ceria, and 1.0
weight percent of synthesized and commercial ceria. Performance losses decreased from
greatest to least in the order of baseline, synthesized, then commercial. This order was
consistent with the OCV decay rate and hydrogen crossover increase. The baseline
membrane total fluoride emission was 3800 µmol. The addition of ceria reduces fluoride
emission by at least one order of magnitude, consistent with the 94-hour OCV durability
test. Membranes with ceria synthesized emitted 340 µmol, and commercial ceria emitted
33 µmol. SEM images confirmed fluoride emission losses. The baseline membrane
experienced significant thinning, while membranes with ceria did not decrease in thickness.
The addition of ceria impacts membrane durability, evident by the remarkable decrease in
fluoride emitted. In addition, SEM images of cross-sections showed no reduction in
membrane thickness after the OCV durability test, and ceria reduces the concentration of
Pt in the membrane when Pt band formation occurs. Stewart and Baker performed an
investigation of ceria nanoparticles studying the impact of particle size and doping on free
radical scavenging[69,70]. Ceria was doped with praseodymium (Pr) and zirconium (Zr)
with varying particle sizes and weight %. Undoped Ce samples showed that activity
increased as particle size decreased. Free radical production increased from 5 to 8 nm;
larger particles were not as effective as smaller particles. The integration of Pr showed that
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7 nm is ideal size for with 5 weight %, sizes less or greater than 7 nm generate worse
activity. This was consistent with 15 weight %; crystallite sizes smaller or larger than 6 nm
reduce activity. Ce-Zr behaved differently than Ce-Pr in that decreasing particle sizes
increased activity towards full peroxide decomposition to water and oxygen. The results
showed that any Ce-Zr-O particles less than 7 nm are effective in decomposing hydrogen
peroxide.[78] In another effort of comparing Ce and doped Ce with Zr, the scavengers were
added into the cathode.[79] Ce-Zr proved to be more effective than Ce, both samples
extended lifetime, but the fuel cell last another 750+ hours of testing. A difference in
fluoride emission rates was observed, Ce had a 0.8 mg/(cm2 h) FER, while Ce-Zr generated
0.35 mg/(cm2 h) FER. Another important finding in this project showed that doping with
Zr mitigates Ce migration, allowing Ce to be more effective for extended times.

2. Research Objectives
There has been considerable progress in advancing fuel cell technologies.[80] Research
and development efforts have improved H2 storage by reducing the cost of producing and
dispensing H2 fuel. Also the durability of fuel cells in transportation applications can last
up to 4,100 hours (the equivalent of 120,000 miles) and are on course to achieve the 5,000hour target set by the Department of Energy (DOE). Moreover, there was a 60% reduction
in cost to manufacture fuel cells primarily due to a decrease in Pt catalyst use. The DOE
2020 target for total Pt loading is 0.125 mgPt cm-2, significantly less than the 0.8 mgPt cm2

total loading in 2006. Though there are advances in extending the lifetime and

maintaining performance with reduced Pt, the relationship between Pt loading and
membrane degradation is not understood. Research into membrane durability with ultra-
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low Pt loadings (≤ 0.1 mgPt cm-2) is essential to fuel cell mass production. Decreasing the
Pt amount allows PEMFCs to be more economical. Research efforts have focused on
improving performance using such low loadings, yet there is not substantial research on
ultra-low Pt loadings impacting fuel cell durability, emphasizing membrane degradation.
This research contributes to the knowledge of membrane degradation by testing ultra-low
Pt loadings with inoperando measurements of degradation. The objectives investigated in
this project are expounded in the following sections.

2.1 Correlation Between Pt Loading and Membrane Degradation
Platinum is the ideal catalyst for PEMFCs; there has been significant progress in
reducing the amount and increasing utilization. Previous studies have shown that the Pt
catalyst does impact membrane degradation. The acidic environment of PEMFCs yields Pt
dissolution and migration into the membrane. Gas crossover on these Pt species within the
membrane can become sites for radical generation. A research effort unexplored is varying
the Pt loading and its impact on ionomer membrane decomposition. The majority of
investigations on membrane degradation used Pt loadings ≥ 0.2 mgPt cm-2. Here the
membrane degradation rate is investigated as a function of ultra-low Pt loading ≤ 0.1
mgPt cm-2. A relationship between Pt loading and membrane degradation is anticipated.

2.2 Role of Catalyst Layer Morphology on Membrane Decomposition
Implementing ultra-low loadings leads to thinner catalyst layers. Thinner catalyst
layers have lower overall pore capacity, thus decreasing local water holding capacity at
the cathode. A decrease in water holding capacity can induce water management issues
throughout fuel cell operation, including flooding at lower fuel cell temperatures
highlighted in extremely thin nanostructured thin film catalysts with thin catalyst
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layers.[81] Paradoxically, thicker catalyst layers can experience flooding illustrated by
extremely thick non-precious group metal electrodes.[82] Increasing the catalyst layer
thickness can yield lower Pt utilization. Prior investigations provided evidence on
restricted Pt catalyst activity with thicker catalyst layers due to electrode-gas interface,
further away from the membrane.[83,84]
Ionomer is employed within the Pt/C catalyst layer to provide proton-conducting
pathways. The ionomer brings proton connectivity for the catalyst and support within the
electrode and is key to enabling efficient electrochemical processes. The amount of
ionomer in the catalyst layer is characterized by the ionomer to carbon (I/C) ratio. The
I/C ratio is a vital electrode parameter. A low I/C ratio minimizes catalyst utilization
and hinders proton transport.[85,86]. A high or excessive I/C ratio can block catalyst sites
and hinder reactant gas diffusion.[87,88]
The Pt catalyst is generally supported by a high surface area substrate, typically carbon.
The carbon support's physical properties impact performance and durability. The support
must be electrically conductive so that there are pathways for electron transport.[89] There
are various types of carbon supports with varying structures or pore sizes. Carbon supports
with micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm). The catalystsupport bond influences Pt activity. Carbons with different morphologies can yield
varying activities because the catalyst is bonded to the support. Furthermore, the type
of carbon utilized impacts ionomer adsorption onto Pt surfaces and pathways for gas
diffusion and proton conduction.[90]
Elements within the catalyst layer are modified to better understand membrane
degradation mechanisms using ultra-low Pt loadings. It is expected that thicker catalyst
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layers will affect the membrane degradation rate. Modifying the I/C ratio will provide an
insight into the impact of Pt activity on ionomer decomposition. The belief is that the type
of carbon support employed can aid in radical formation, affecting membrane
decomposition.

2.3 Implementing Mitigating Strategy: Bi-Membrane Testing
Fuel cell operation at high voltages can lead to Pt dissolving into the membrane, and
after an extended time, a Pt band forms. Reports show that these Pt particles in the
membrane become sites for radical generation. Gas crossover reacts with these particles to
form peroxide radicals. Implementing cerium, a radical scavenger, reduces the
concentration of peroxide radicals significantly and decelerates the membrane degradation
rate. A bi-membrane investigation will be implemented with deliberately placed Pt
particles within the membrane and a second test with the addition of cerium ions to
measure cerium’s efficiency against peroxide radical attack.

2.4 Technical Impact
Membrane durability in fuel cell systems is vital for mass production. Membrane
decomposition leads to a decrease in performance and longevity. Prior investigations into
the membrane's deterioration varied operating conditions, membrane thickness, Pt
embedded within the membrane, and instituted radical scavengers. Though there have been
some studies of Pt and its role in the membrane degradation mechanism, a high Pt loading
was used. This research project will be the first to examine membrane degradation in
fuel cell systems with ultra-low Pt loadings. This project provides novel findings on the
membrane degradation rate with Pt loading, the impact of catalyst layer morphology, and
a mitigation strategy with bi-membrane testing. The interrelation among ultra-low Pt
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loadings and membrane degradation affects commercialization of fuel cells. Showing that
commercial fuel cells are durable with ultra-loadings reduces the market price for
consumers. Combustion engine and fossil fuel use will become obsolete as PEMFCs are
more affordable and implemented into communities. Thus, society and the environment
benefit due to fewer air pollutants creating global warming, smog and health problems. The
findings shown in this investigation contributes to the advancement of fuel cell technology
for worldwide application.
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3. Experimental Design and Methods
The experimental section will detail fuel cell assembly, characterization techniques,
performance measurement methods, etc.

3.1 MEA Fabrication
The membrane electrode assembly (MEA) is the main component of a fuel cell
composed of the membrane, anode, and cathode. The polymer membrane is located
between anode and cathode. The membrane used in this project was an NR211 Nafion®
Ion Power, Inc, 25 µm thickness. Anode and cathode were constructed by applying a
catalyst ink directly onto the membrane using a Sonotek ultra-sonic spray coater. The
membrane was placed on a vacuum hot plate at a temperature of 80oC before applying the
electrode. After spraying both sides of the membrane and Pt loadings are confirmed, the
MEA is prepared for assembly into fuel cell hardware.
A Fuel Cell Technologies 25 cm2 fuel cell hardware was used to build the cell,
which utilized Sigracet® 25 BC gas diffusion layers and two graphite plates with triple
serpentine flow channels sealed by Furon® gaskets. The MEA is positioned between the
gas diffusion layers. The Gas diffusion layer's purpose is to spread reactant gas to the MEA.
The gas diffusion layer is typically a porous carbon material with a hydrophobic nature to
evade flooding. Gaskets were used to minimize gas leaking to the cell's exterior and avoid
gases mixing near the catalyst active area.

3.1.1 Catalyst Inks
Catalysts inks consisted of a Pt on carbon support (Pt/C) catalysts mixed with water,
methanol, and an ionomer solution. The Pt/C catalysts is manufactured by Tanaka
Kikinzoku Kogyo (TKK). A Dupont D521 5% ionomer solution was utilized as a binder
and to facilitate proton transportation within the catalyst layer and for electrochemical
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reactions. The ink was prepared at room temperature and was sonicated for 45 min or until
a uniformed solution was present. After sonication, the ink was applied directly to the
membrane using the ultra-sonic spray coater.
3.1.1.1

Pt loading

Sample
Loading (mgPt cm-2)
TKK Catalyst 46.6% Pt/C
(g)
H2O (g)
MeOH (g)
Nafion D521 (g)

MEA-25
0.025
0.0035

MEA-100
0.1
0.014

0.24625
0.24
0.03

0.985
0.96
0.12

Table 1: Ink Recipes for samples constructed with varying Pt loadings.

3.1.1.2 Catalyst Layer Structure
Varying the catalyst weight percent impacts the catalyst layer thickness. A 19.3% Pt/C
catalyst was used to increase catalyst layer thickness. The ink mixture was held consistent
by retaining the weight to volume ratio used when preparing the 46.6% Pt catalyst ink. The
ionomer content was varied using both 19.3% Pt/C catalysts. These changes in ionomer
concentrations were investigated to determine membrane degradation mechanisms within
the ionomer catalyst layer.

Sample
Catalyst Wt %
Loading (mgPt cm-2)
Catalyst (g)
H2O (g)
MeOH (g)
Nafion D521 (g)

MEA 20% 0.2
19.3% Pt/C
0.1
0.0252
1.738
1.697
0.12

MEA 20% 0.8
19.3% Pt/C
0.1
0.0252
1.738
1.697
0.326

MEA 50%
46.6% Pt/C
0.1
0.014
0.985
0.96
0.12

Table 2: Ink Recipes for samples constructed with varying catalyst layer thickness and ionomer
concentrations.

Two types of Pt/C catalysts with different carbon supports were tested in this project.
The first carbon support used was Ketjen Black (KB), a high surface area carbon with an
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800 m2 g-1 surface area. KB has a microporous structure with < 2 nm size pores, and Pt
particles are located within the micropores and on the carbon particles' surface. The other
carbon support used was Vulcan carbon (VC) with a surface area of 250 m2 g-1; this support
is mesoporous with pores in the 2-50 nm range. Pt/VC has Pt particles only on the outer
surface of carbon particles. The difference in carbon support morphology affects Pt
particle size and distribution.[91,92] Typically, KB has a smaller particle size impacting Pt
activity, and VC has a broader Pt particle size distribution due to smaller Pt particles. KB's
structure allows Pt to be confined in its pores resulting in narrower size distribution and
better Pt stability.

Carbon Support Type
Loading (mgPt cm-2)
Catalyst (g)
H2O (g)
MeOH (g)
Nafion D521 (g)

Ketjen Black (KB)
0.1
0.0252
1.738
1.697
0.326

Vulcan XC-72 (VC)
0.1
0.0252
1.791
1.748
0.202

Table 3: Ink Recipes for samples constructed with varying carbon supports.

3.1.1.3 Bi-Membrane Construction
Bi-membrane samples were constructed with an NR211 (25 µm thickness) and
NR212 (50 µm thickness). After the electrodes were sprayed onto membranes, they were
hot-pressed at 70oC at 4500 pounds-force for 45 minutes. Pt was placed into the
membrane by spray coating Pt black catalyst on the opposite side of the cathode on the
NR211 membrane. Cerium (Ce) was deposited into membrane samples before spraying
electrodes. A 10 mM solution of cerium nitrate (Ce(NO3)3) was prepared, and 500 µL
was dispersed into a 250 mL deionized water solution. The membrane was placed into
the water bath and heated to 80oC for at least 12 hours. Under these conditions, all of the
Ce in the solution is expected to go into the membrane.
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Bi-Membrane Samples

Anode

Cathode

Loading (mgPt cm-2)
Catalyst (g)
H2O (g)
MeOH (g)
Nafion D521 (g)
Membrane

0.05
0.0126
0.869
0.8485
0.163
NR212

0.1
0.0252
1.738
1.697
0.326
NR211

Pt in
Membrane
0.01
0.001
2.0
NR211

Cerium in
Membrane
0.01
-

Table 4: Ink Recipes for samples constructed for Bi-Membrane samples.

3.2 Testing Protocols
A Fuel Cell Technologies 25 cm2 fuel cell hardware was used to build the cell, and it
is used in conjunction with a Fuel Cell Technologies test stand.

3.2.1 MEA Chemical Stability Accelerated Stress Test
The MEA chemical stability accelerated stress test (AST) is a Department of
Energy (DOE) protocol that accelerates radical formation.[93] The AST conditions called
for holding the fuel cell at open circuit voltage (OCV) in H2/Air at a stoichiometry of 10
at 0.2 A/cm2 equivalent flow, at a cell temperature of 90o C with 30% RH and cathode
backpressures of 150 kPa for extended periods. The criteria for failure was defined as a
voltage decrease greater than 20% of the initial OCV. In addition, a Modified AST was
employed. Nearly identical to the AST the modified version differs by holding the cell at
a fixedvoltage where current is slightly produced. The benchmark for failure was when
the fuel cell began operating at OCV and could not produce a current. Applying the
Modified AST provided a direct comparison between samples as OCV voltage varies
slightly from sample to sample. Conditions for the ASTs can be found in the tables
below.
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Voltage
Temperature
Relative humidity
Backpressure
Fuel/Oxidant
Failure

MEA Chemical Stability AST
Open Circuit Voltage
90oC
30%
150 kPa abs
H2/Air at stoics of 10 at 0.2 A/cm2
≥ 20% decrease in initial OCV

Table 5: Operating conditions for MEA Chemical Stability AST.

Voltage
Temperature
Relative humidity
Backpressure
Fuel/Oxidant
Failure

MEA Chemical Stability Modified AST
0.85 V
90oC
30%
150 kPa abs
H2/Air at stoics of 10 at 0.2 A/cm2
OCV, 0 current is produced
Table 6: Operating conditions for Modified AST.

3.2.2 Voltage Recovery Protocol
A voltage recovery protocol (RP) designed by Zhang and General Motors was
implemented to decouple irreversible losses from reversible losses.[94] The decomposition
of the membrane results in membrane thinning and the release of poisonous species that
adhere to active catalyst sites. Membrane thinning is irreparable damage and cannot be
recovered. Electrokinetic poisoning species such as sulfate and fluoride can be desorbed;
thus, voltage and performance can be restored. The RP is a series of steps that are repeated
three times to ensure that poisonous species are removed from Pt sites. Conditions include
cooling down the cell to low temperatures along with oversaturated humidity. Throughout
the RP, the cell experiences voltage holds for an extended time. A vital step in this protocol
is applying a current that produces a slightly negative voltage (≤ -100 mV). The RP is
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applied after every 24 hours of degradation. Upon completion of the RP, performance
measurements are applied. The steps and conditions can be found in the table below.

Step
1
2
3
4

Gases
H2/N2
H2/Air
H2/N2
H2/N2

Temperature
35oC, >100% RH
35oC, >100% RH
30oC, >100% RH
30oC, >100% RH

Condition
Cooling cell
0.4 V Hold
Cooling cell
2-10 A

Time
1 hour
0.5 hour

Table 7: Operating conditions for Voltage Recovery Protocol.

3.2.3 Performance Measurements
3.2.3.1 Polarization Curves
Polarization (VI) curves are used to display the performances of fuel cells. VI
curves produce currents at a given voltage. There are three regions of a VI curve, each
providing information on voltage losses: kinetic, ohmic, and mass transport. The kinetic
region, depicted in the low current, high voltage region. Kinetic losses transpire by the
overpotential necessary to overcome electrochemical processes' activation energy on the
catalyst surface. This region is dominated by the sluggish kinetics of the oxygen reduction
reaction. At the midrange currents and voltages is the ohmic region. Voltage decreases at
a linear rate; the losses are due to electrical resistances of fuel cell components. The
electrolyte, catalyst layer, gas diffusion layer, and bipolar plates contribute to resistances.
At the high current, low voltage region is the mass transport region. Fuel and oxidant are
constantly supplied to the cell, and the rate at which species are transported to/from the
electrode limits current production. VI curves were taken in H2/Air at flows of 418/1254
sccm, at 80oC with 150 kPa absolute backpressure. The voltages applied were from 0.2-1.0
V.
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3.2.3.2 Cyclic Voltammetry
Cyclic voltammetry (CV) is an electrochemical technique that provides information
about an electrode. One electrode is used as the working electrode in a fuel cell, while the
other is the reference. An inert gas such as nitrogen gas flows through the working
electrode, and hydrogen flows through the reference electrode. The working electrode's
potential is measured against the reference electrode's constant potential. The applied
potential is cycled from selected points at a designated scan rate. The potential is applied
by a potentiostat, a device that controls the potential against the reference electrode. A
cyclic voltammogram is generated. It has three regions: hydrogen, double layer, and
oxidation. The hydrogen region occurs at low voltages (0-0.3 V), showing hydrogen
adsorption and desorption onto catalyst sites. At moderate voltages (0.3-0.6 V) is the
double layer region in which only charge is stored at the electrode and electrolyte interface.
This region is useful for assessing the total surface area of the catalyst and the support.
Then there is the oxidation region, depicted at high voltages (0.6-1.1 V), illustrating Pt
oxidation and reduction. Operating conditions for measuring cyclic voltammograms were
in H2/N2 at 200/200 sccm flows at 80oC, 100% RH under ambient pressure. The
potentiostat used was a Biologic SP-240. The scanning conditions for CVs were from 0.11.1 V at 100 mV/s.
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Figure 3.1 CV profile demonstrating the regions.

3.2.3.2.5 Electrochemical Active Surface Area
Integrating the hydrogen adsorption/desorption region provides the electrochemical
active surface area (ECSA). These active sites are responsible for anode charge transfer
reactions occur. ECSA was calculated based on the average charge between the hydrogen
adsorption and desorption regions divided by both Pt loading and the reference Pt charge
density for H2, 210 μC cm-2. The charge was measured by integrating the cyclic
voltammogram area from 0.1 V to 0.4 V using the regions mentioned above.
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Figure 3.2: CV profile with H2 regions shaded used to calculate ECSA.

3.2.4 Linear Sweep Voltammetry
Linear sweep voltammetry (LSV) is an electrochemical technique in which current is
measured at the working electrode while the potential is swept between the working and
reference electrode. LSV was applied to measure H2 crossover across the membrane. An
increase in H2 crossover is indicative of membrane thinning. Parameters to measure
hydrogen crossover were in H2/N2 with 200/200 sccm flows at 80oC, 100% RH under
ambient pressure. The potentiostat used was a Biologic SP-240. The sweeping potential
was from 0.05-0.4 V at 2 mV/s. We then extrapolated the crossover current density
intercept from a linear fit in the region 0.2-0.4 V.

3.3 Characterization Techniques
3.3.1 X-Ray Fluorescence
X-ray fluorescence (XRF) is a non-destructive spectrometry technique that
chemically identifies and quantifies trace elements.[95] In most applications, XRF is for
bulk analysis due to its limitations of small spot sizes (2-5 microns at light sources 20
microns-5mm in laboratory instruments). XRF works by the interaction of X-ray-radiation
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with atoms of the sample. X-rays irradiate atoms within the sample; some energy is
scattered while the remaining energy is absorbed within the sample. Characteristic X-rays
are emitted that indicate the atoms present within a sample. The XRF used throughout this
study was a Thermo Quant' X, and it was applied to confirm elemental loadings.

3.3.2 X-ray Diffraction
X-ray diffraction (XRD) is a characterization technique that studies crystal structure and
atomic spacing.[96] X-rays are generated by a cathode ray tube and are directed toward
the sample. Once the geometry of the incident X-rays on the sample satisfies Bragg's Law
(Eq. XX), constructive interference occurs, and a peak in intensity is observed. XRD
measures the intensities and scattering angles of diffracted rays that have left the sample.
The XRD pattern is data collected at 2θ typically 5o to 90o, angles preset in the X-ray
scan.
𝑛𝜆 = 2𝑑 sin 𝜃

(20)

In XRD and crystallography, crystallite size can be determined. The Scherrer equation
(Eq. YY) relates sub-micrometer crystal size in a solid to peak broadening in a diffraction
pattern. Crystallite size (T) is calculated based on multiple variables: the shape factor (K),
the x-ray wavelength (λ), the line broadening at half the maximum intensity (β), and the
Bragg angle (θ).
𝑘𝜆

𝜏 = 𝛽 cos θ

(21)

3.3.3 Ion Chromatography and Anion Emission Rates
Ion chromatography (IC) is a technique used to analyze water chemistry.[97] IC
measures anions and cations in the parts per billion (ppb) range. Ionic species are measured
by isolating ions from resin that they come in contact with. Every species separates
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differently dependent upon the type and size. The retention time of various species
determines the ion concentration in the sample. A Dionex ICS 2100 IC was used to analyze
fuel cell effluent water for species from degraded membranes.

Figure 3.3: IC spectrum of multiple anions.

The IC provides the concentration of ions in fuel cell effluent water. An anion emission
rate is produced from ion concentration coupled with the amount collected over a particular
time and fuel cell active area. Throughout these studies, the focus was on fluoride emission
rate (FER) and sulfate emission rate (SER). FER is the accepted gauge to quantify
membrane degradation. Anion emission rates were calculated by dividing the total amount
of anion measured by the duration of the collection interval and normalized by the active
area of the MEA. The equation to calculate emission rates can be found below.
𝜇𝑔

𝑥𝐸𝑅 (𝑐𝑚2 ℎ1) =

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑝𝑝𝑚)∗𝑎𝑚𝑜𝑢𝑛𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 (𝑚𝐿)
𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛(ℎ)∗𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑚2 )

(22)

3.3.4 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a microscopy technique that can provide
information about morphology, chemical composition, crystalline structure, and
orientation.[98] Typically, SEM collects data over a specific area of the surface, generating
a two-dimensional image. The interaction between electrons and the sample produces
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kinetic energy. This energy is then dissipated as signals, secondary and backscattered
electrons. These signals provide the imaging of the sample's area. Secondary electron
signals portray morphology and topography, while backscattered electrons depict contrasts
in the sample's elemental compositions. The SEMs employed were an FEI Quanta FEG
ESEM, and a Hitachi S-4800 SEM was used to analyze the cross-sections of MEAs for the
catalyst layer and membrane thicknesses.

3.3.5 Transmission Electron Microscope
Transmission electron microscope (TEM) is a microscopy technique in which a beam
of electrons is transmitted through a sample to produce an image.[99] TEMs are equipped
for high magnification, with the ability to have a maximum resolution of >500000. An
electron gun generates a high voltage electron beam, and the electrons are focused into a
fine beam by an electromagnetic lens. The electron beam penetrates a thinly sliced
sample, 100 nm thick or less. TEM analysis was used to obtain particle size and show Pt
migration.
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4. Investigation of Membrane Degradation as a Function of Pt Catalyst
Loading
4.1 Introduction and MEA Pt Loadings
Membrane degradation was investigated as a function of ultra-low Pt loadings, ≤
0.1 mgPt cm-2. Pt is the best catalyst for proton exchange membrane fuel cells as it
facilitates electrochemical reactions. However, Pt is an expensive precious metal and
contributes to the high cost needed to manufacture fuel cell devices. Varying the Pt
loading can impact performance, and there have been advancements in reducing the Pt
concentration while maintaining adequate performance. Nonetheless, there has not been a
substantial investigation on membrane durability in fuel cell systems with ultra-low Pt
loadings. Here two samples were prepared, MEA-25 and MEA-100 with loadings of
0.025 mgPt cm-2 and 0.1 mgPt cm-2 on both electrodes. MEA-25 had catalyst layer
thicknesses of 1.3 µm while the thickness for MEA-100 was 5.2 µm. Pt loadings were
confirmed via x-ray fluorescence (XRF), and catalyst layer thickness was measured with
a scanning electron microscope (SEM). Information in this chapter was published in the
2019 ECS Transactions Journal, (https://doi.org/10.1149/09208.0467ecst). [100]

André Spears, Tommy Rockward, Rangachary Mukundan and Fernando H. Garzon
“Investigation of Membrane Chemical Degradation as a Function of Catalyst Platinum
Loading”

4.2 MEA Endurance
Each MEA sample was subjected to the DOE Chemical Stability AST to induce
radical production.[93] The voltage profiles for MEA-25 and MEA-100 are depicted in
Fig. 4.1. Performance was measured every 12 hours, and the recovery protocol (RP) was
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applied every 24 hours. MEAs were held at OCV per the AST protocol. OCV for both
samples decreased continuously under these harsh conditions. The AST was terminated
when the sample reached 20% decrease in voltage or 96 hours of testing. Voltages were
partially restored after performance measurements and the RP. OCV at the inception of
testing was 0.904 V and 0.961 V for MEA-25 and MEA-100, respectively. Both samples
endured an excess of 80 hours under the AST conditions. Voltage losses for MEA-100
became evident at 72 hours of testing. MEA-25 endured the AST for 96 hours, finishing
at 0.751 V, approximately a 17% loss. MEA-100 lasted for 84 hours and experienced a
20% voltage loss with a final voltage of 0.764 V. An increase in Pt loading leads to an
increase in OCV. As the voltage increases, Pt is more susceptible to Pt dissolving into the
electrolyte.
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Figure 4.1 The lifetime of MEAs tested using the DOE chemical degradation AST protocol.

4.2.1 MEA Performance results
Polarization (VI) curves were measured to gauge performance throughout the MEA's
lifetime (Fig 4.2). The red curve denotes performance at the beginning of testing and is
used as the control. Solid curves show performance following the AST, while dashed
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lines depict performance after the RP was applied. VI curves evaluated after the RP can
differentiate between reversible and irreversible voltage losses. [94,101] Reversible
voltage losses result from transient processes in which voltage may be restored by
modifying the operating conditions. Consequently, performance may revert to predegraded levels. Examples of reversible losses include water flooding, oxide formation,
or catalyst poisoning. Irreversible losses occur when perpetual damage transpires, such as
membrane degradation or loss of catalyst surface area.
Performance is better with MEA-100, the sample with higher Pt loading, exhibited by
the higher current density generated. Both samples experience voltage losses in the high
current density region (> 1.0 mA cm-2), governed by mass transport. These losses became
more apparent and evenly distributed throughout time. Voltage losses observed for MEA25 were not fully recoverable, even in the initial 24 hours, signifying irreversible
membrane thinning or loss of surface area. MEA-100 displayed an increase in
performance with 24RP VI curve due to the RP's saturated conditions, resulting in the
increased proton conductivity of the MEA or reduction of surface oxides exposing more
Pt sites. Voltage losses were reversible in the initial 48 hours for MEA-100, but losses
become irreversible after 72 hours. Thus, VI curves provide an early indication of
membrane failure by observing the irreversible voltage losses.
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Figure 4.2 VI curves (24-hour increments) for (A) MEA-25 and (B) MEA-100 during the Chemical
Stability AST.

Cathodic cyclic voltammograms (CV) were collected throughout each sample's
lifetime: at the onset of testing, every 12 hours of the AST, and after the RP. Only results
for the initial 24 hours are depicted to illustrate changes in the voltammogram (Fig. 4.3).
CV results for MEA-25 and MEA-100 are presented in Fig. 4.2. MEA-25's CV is slanted
after the first 12 hours of the AST, representing a defect in the fuel cell because of
inadequate electrode connectivity. This defect is due to the low Pt loading and/or a thin
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catalyst layer. Following the AST, there are distinct changes observed in the CV. These
differences include an increase in platinum oxide formation in the high voltage region
and suppression of the H2 adsorption and desorption regions. These changes are
attributed to the adsorption of anions, that adheres to Pt ORR sites and reduces
performance. The slight increase in the CV's current or upward shift is due to increased
gas crossover suggestive of membrane thinning. After the RP was applied, the CV was
returned to its original profile, resembling the initial CV before AST. The H2 regions
were partially recovered, implying the desorption of poisonous adsorbates from Pt sites.

Figure 4.3 CVs of the cathode in N2 before/after 24 hours of AST and after RP EIS for (A) MEA-25 and
(B) MEA-100.

Electrochemical active surface area (ECSA) from the H2 desorption region. Fig 4.4.
displays the ECSAs measured over time. The initial ECSA values were 37.4 and 48 m2 g1

for MEA-25 and MEA-100, respectively. Under AST conditions, the ECSA

continuously decreased throughout both MEA's lifetime. The final ECSA for MEA-25
was 14.3 m2 g-1, a 61.7% decrease. MEA-100 sustained a 45.6 % loss in ECSA, ending
with 26.6 m2 g-1. This overall decrease in catalyst surface area can be attributed to Pt
dissolution in the membrane or particle growth via Ostwald ripening.[102] ECSA was
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calculated after the RP and resulted in a partial increase each time it was employed,
validating the restoration of the H2 regions observed in CVs after the RP. Moreover, this
signifies that the RP is removing adsorbates identified with the reversible voltage losses
in VI curves and the suppressed H2 regions in CVs.
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Figure 4.4 Electrochemical active surface area (ECSA) calculated over the MEA’s lifetime using cyclic
voltammograms.

Linear sweep voltammetry (LSV) was performed to quantify hydrogen permeation
through the membrane. Hydrogen crossover measurements were extrapolated to obtain a
crossover value shown in Fig. 4.5. An increase in hydrogen crossover can signify
membrane thinning. The crossover current densities at the beginning of testing were
1.62 and 0.65 mA cm-2 for MEA-25 and MEA-100. MEA-25 had a higher crossover
current density at the beginning of testing, but crossover results do not show any increase
over time; MEA-25 had a final crossover current density of 1.37 mA cm-2. However,
MEA-100's crossover current density did increase throughout this experiment. This
increase is apparent at 72 and 84 hours when crossover was measured at 3 and 7 mA cm2

. As the membrane thins, hydrogen crossover increases resulting in a decline in OCV
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and reduced performance.[103] The higher crossover at 72 hours is consistent with the
voltage loss observed with OCV. These findings reveal that the higher Pt loading MEA
experienced more membrane thinning, and the voltage loss resulted in greater hydrogen
diffusion.
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Figure 4.5 H crossover measured over time in MEA-25 and MEA-100.
2

4.2.2 MEA Characterization
Fuel cell effluent water was collected and analyzed for fluoride and sulfate anions.
Fluoride is a relatively weakly adsorbing anion and is mostly present in the membrane and
electrode ionomer. Thus, fluoride emission rate (FER) is a direct measure of membrane
degradation. Sulfate anions strongly adsorb onto Pt active sites, adversely effecting
electrochemical reactions resulting in reduced fuel cell performance. The sulfate emission
rate (SER) was measured to examine the effectiveness of the RP.
FER analysis of effluent water collected throughout the MEAs lifetime is presented in
Fig 4.6. FER increased under AST conditions betokening the decomposition of the Nafion
membrane. MEA-25 had a FER of 0.52 µgF/(cm2-h) in the initial 12 hours and finished
with 2.74 µgF/(cm2-h). MEA-100 generated a 7.13 µgF/(cm2-h) FER at the inception of the
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AST, and FER increased over time, finishing with a FER of 18.65 µgF/(cm2-h). MEA-100
produced significantly higher FERs than MEA-25. The membrane thickness was
calculated based on these FERs. MEA 25 has an estimated thickness of 23.2 µm, and MEA100's thickness was 14.2 µm. Increasing Pt loading increases the membrane degradation
evident by the FERs. The increased FERs with MEA-100 is due to increased radical
formation at the electrodes or within the membrane from Pt dissolution.
SER measurements verify that Pt sites were poisoned by sulfate species released as the
membrane degraded. SER was collected after the RP and corresponded to the reversible
performance by the desorption of sulfate from catalyst surface area.[23,104] Both samples
generated various sulfate concentrations; always lower than fluoride, as expected by the
low molar concentration of sulfate within the perfluorosulfonic acid membranes. MEA-25
yielded a 0.09 µgS/(cm2-h) SER following the first 24 hours, and SER increased minimally
with time. MEA-100 had a 0.32 µgS/(cm2-h) in the initial 24 hours. This rate decreased
with ensuing measurements. MEA-100 produced higher SERs than MEA-25 because of its
higher Pt loading. These results further enhance how the RP restored performance due to
the desorption of sulfate ions from the Pt sites, analogous with VI curves and partial
restoration of ECSA. Sulfate poisoning reduces the active catalyst surface area but does
not directly promote membrane performance loss or degradation.
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Figure 4.6: Fluoride emission rate (FER) and measured during the AST and RP. Effluent water from both
anode and cathode were collected.
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Figure 4.7: Sulfate emission rate (SER) measured during the AST and RP. Effluent water from both anode
and cathode were collected.

X-ray diffraction was used to characterize Pt nanoparticles and estimate the crystallite
size. XRD profiles of the commercial Pt catalyst powder, MEA-25, and MEA-100 are
displayed in Fig. 4.8. The average crystallite size was obtained using the Debye-Scherrer
equation after background subtraction. The Scherrer crystallite size of the catalyst powder
before testing was 1.53 nm. After testing, the crystallite size for MEA-25 was 1.92 nm,
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whereas MEA-100 had a crystallite size of 2.14 nm. This increase in crystallite size
signifies particle growth with both samples. Particle growth for both samples can be a
reason for the decline in ECSA observed at the end of testing.
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Figure 4.8: XRD profile of Pt catalyst, MEA-25 and MEA-100.

Cross-sectional SEM images of non-tested and degraded membranes are depicted in
Fig. 4.11. SEM was used to measure the membrane thickness of multiple sections
quantifying the average membrane thickness. SEM images provide an estimate of
thickness for the entire membrane sample. The initial thicknesses of the membranes were
25 µm, shown in Fig 4.9. FER results showed that AST conditions result in membrane
degradation after 80-plus hours of testing. Membrane thicknesses were measured to be
18.2 µm and 14.5 µm for MEA-25 and MEA-100, respectively. MEA-25 maintained
72% of its membrane thickness, while MEA-100 retained 58%. The lower loading
sample, MEA-25, preserved more of its membrane integrity though it was tested for a
more extended period. These images support FER results in which MEA-100 produced a
greater FER, demonstrating a correlation between Pt loading and membrane degradation.
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Figure 4.9: Cross-sectional SEM images of (A) fresh/non-tested membrane, (B) MEA-25 after 96 hours of
testing, and (C) MEA-100 after 84 hours of testing.

In addition to membrane thickness, Pt particles within the membrane were analyzed
with SEM. Images depicting Pt embedded in the membrane are shown in Fig. 4.9. Pt
particles precipitated into both membrane samples. MEA-25 shows particles closer to the
catalyst layer, approximately 2.5 µm away from the catalyst layer. MEA-100 has a higher
density of Pt particles ingrained in the membrane, and these particles are further into the
membrane, nearly 5 µm from the catalyst layer based on this SEM image.
The higher Pt loading sample had a higher OCV throughout this experiment with
voltages greater than 0.9 V. At this potential, Pt is more susceptible to dissolution, hence
the higher density of Pt in the membrane.[33] MEA-100 had an initial OCV of 0.96 V
while MEA-25 OCV was 0.904 V. MEA-100 exhibited even higher OCV voltages where
Pt is unstable and breaks down into Pt2+ thus diffusing into the membrane as explained
earlier. Pt migration coupled with the increase in gas crossover due to membrane thinning
generated heterogeneous sites for radical formation.[41,43,54] As a result, the membrane
is degraded locally and elucidates the increased FERs and more membrane degradation
with MEA-100.
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Figure 4.10: Cross-sectional SEM images of Pt in the membrane for (A) MEA-25 and (B) MEA-100.

X-ray computed tomography was employed to analyze the internal morphology of
membrane samples subjected to membrane degradation. There are not any distinct
changes with MEA-25. XCT analysis of MEA-100 revealed a crack in the sample and
bright areas corresponding to Pt within the membrane (Fig 4.11). This crack defect in the
sample is a result of degradation and explains the elevated hydrogen crossover measured
at the end of testing.

Figure 4.11: Cross-sectional XCT image of MEA-100.

4.2.3 Discussion of Results
The increase in Pt loading yields better activity and higher OCV. However, when
voltages are > 0.9 V, Pt is unstable and begins to dissolve into the electrolyte illustrated
by MEA-100. MEA-25 produced voltages consistently less than 0.9 V, and microscopy
images showed minimal Pt in the membrane. In addition, as Pt gets into the membrane,
H2 crossover increases with time and reacts with this Pt. The increased FERs with MEA-
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100 result from high Pt density in the PEM and H2 crossover increase over time. In
comparison, MEA-25 had low FERs due to potentials that allowed Pt to be more stable
hence little to no Pt in the membrane as well as the negligible increase in gas crossover.
The Pt catalyst is easier to decompose with higher Pt loadings facilitating sites for
peroxyl radicals to degrade the polymer membrane.

4.3 Maintaining Identical Electrode Thicknesses
4.3.1 MEA Endurance
Using the same Pt loadings, membrane decomposition was investigated but with
identical catalyst layer thicknesses to MEA-100. MEA-25 + C was prepared by diluting
the catalyst ink with additional carbon support. Both samples had an electrode thickness
of approximately 5 µm. The Chemical Stability AST was employed, and the voltage
profiles for the samples are shown in Fig. 4.12. MEA-25 + C lasted 200-plus hours of the
extreme conditions, whereas MEA-100 was tested for 84 hours. MEA-25 + C did have a
loss in voltage after 192 hours due to a momentary shut off in hydrogen supply. Even
with equal catalyst layer thickness, the lower Pt loading sample endured the AST for an
extended time.

50

MEA Lifetime
0.95

MEA 25 + C
MEA 100

Voltage (V)

0.90

0.85

0.80

0.75

0.70
0

24

48

72

96

120

144

168

192

216

240

Time (hours)

Figure 4.12 The lifetime of MEAs tested using the DOE chemical degradation AST protocol .

4.3.2 MEA Performance results
Cathodic cyclic voltammograms (CV) were collected throughout each sample's
lifetime. Only results for the initial 24 hours are depicted to illustrate changes in the
voltammogram. CV results for MEA-25 + C are presented in Fig. 4.13, while MEA-100
was shown previously in this chapter, Fig 4.3. As mentioned earlier, CV profiles show
changes following the AST, differences observed in the high voltage region, and
suppression of the H2 adsorption/desorption regions. These changes are attributed to
sulfate adsorption onto Pt sites. The H2 regions were partially recovered as a result of
sulfate desorption.
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Figure 4.13 CVs of the cathode in N2 before/after 24 hours of AST and after RP for MEA-25 + C.

Electrochemical active surface area (ECSA) is calculated
from the H2 desorption region. Fig 4.14 displays the ECSAs measured over time. The
initial ECSA values were comparable; MEA-25 + C had 46 m2 g-1 and 48 m2 g-1 for
MEA-100. Under AST conditions, the ECSA continuously decreased throughout both
MEA's lifetime. The final ECSA for MEA-25 + C was 14.4 m2 g-1, a 61.7% decrease.
MEA-100 sustained a 45.6 % loss in ECSA, ending with 26.6 m2 g-1. This overall
decrease in catalyst surface area can be attributed to Pt dissolution into the membrane or
particle growth via Ostwald ripening. ECSA was partially restored after the RP in
correlation to the desorption of sulfate anions.
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Figure 4.14 Electrochemical active surface area (ECSA) of MEA-25 + C and MEA-100.

Hydrogen crossover measurements were measured to gauge membrane thickness.
extrapolated to obtain a crossover value (Fig. 4.15). MEA-25 + C experienced a notable
rise in crossover beginning at 192 hours. The final crossover current density was 8 mA
cm-2. MEA-100 crossover increased at a more rapid rate. This increase was apparent at 72
and 84 hours when crossover was measured at 3 and 7 mA cm-2. Membrane thinning
increases hydrogen crossover, which decreases the OCV. The higher crossover at 72
hours with MEA-100 is consistent with the voltage loss observed with OCV. MEA-25 +
C decline voltage after 168 hours is in agreement with the rise in crossover measured
after 192 hours. These findings reveal that the rate of membrane thinning is greater with
MEA-100. These results consistently show that the higher Pt loading MEA has an
accelerated membrane thinning rate and the voltage loss is a consequence of greater
diatomic hydrogen diffusion.
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Figure 4.15 H2 crossover measured over time in MEA-25 + C and MEA-100.

4.3.3 MEA Characterization
FER analysis of effluent water collected throughout the MEAs lifetime is presented in
Fig 4.16. MEA-25 + C had a FER of 1.27 µgaff/(cm2-h) in the initial 12 hours and finished
with 5.4 µgF/(cm2-h). MEA-100 generated a 7.13 µgF/(cm2-h) FER at the inception of the
AST, and FER increased over time, finishing with a FER of 18.65 µgF/(cm2-h). As shown
earlier, the lower Pt loading emits lower FERs. The membrane thickness was calculated
based on these FERs. MEA 25 + C has an estimated thickness of 21 µm, and MEA-100's
thickness was 14.2 µm. MEA-25 + C was tested almost three times as long as MEA-100,
yet FERs and estimated membrane thickness is reduced tremendously. A reduction in Pt
loading produces lower membrane degradation regardless of catalyst layer thickness.
SER measurements verify that Pt sites were poisoned by sulfate species released as the
membrane degraded. SER was collected after the RP and corresponds the accessible
catalyst surface area. Both samples generated various sulfate levels displayed in Fig. 4.17.
Sulfate rates are always less than fluoride due to the low molar concentration of sulfate
within the perfluorosulfonic acid membranes. MEA-25 + C yielded a 0.24 µgS/(cm2-h)
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SER following the first 24 hours, and SER decreased with time. MEA-100 had a 0.32
µgS/(cm2-h) in the initial 24 hours. This rate decreased with ensuing measurements. MEA100 produced higher SERs than MEA-25 because of its higher Pt loading and ECSA.

Figure 4.16: Fluoride emission rate (FER) and measured during the AST and RP. Effluent water from both
anode and cathode were collected.

Figure 4.17: Sulfate emission rate (FER) and measured during the AST and RP. Effluent water from both
anode and cathode were collected.

Cross-sectional SEM images of degraded membranes are depicted in Fig. 4.18. SEM
was used to measure the membrane thickness of multiple sections quantifying the average
membrane thickness. SEM images provide an estimate of membrane thicknesses were
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measured to be 18 µm and 14.5 µm, for MEA-25 + C and MEA-100, respectively. MEA25 + C maintained 72% of its membrane thickness, while MEA-100 retained 58%. The
lower loading sample, MEA-25 + C, preserved more of its membrane integrity though it
was tested for a more extended period. These images support FER results in which MEA25 + C produced reduced FERs. These findings confirm the relationship between Pt
loading and membrane degradation.

Figure 4.18: Cross-sectional SEM images of (A) MEA-25 + C after 240 hours of testing and (B) MEA-100
after 84 hours of testing.

4.3.4 Discussion of Results
When Pt loadings were varied but maintained the identical electrode thickness,
membrane degradation results remained the same. Lower Pt loadings have reduced
membrane degradation rate and lower FERs. As stated previously, higher loadings lead to
greater OCV for Pt precipitation. Though MEA-25 + C had voltages greater than 0.9 V
the rate of dissolution is negligible due to low Pt loading and increased catalyst layer
thickness with uncatalyzed carbon. MEA-100 showed an accelerated increase in gas
crossover, whereas MEA-25+C did not increase until after 200 hours of testing. The
greater the rate that H2 crossover increases, the faster the membrane decomposes.
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4.4 Modified AST
4.4.1 MEA Endurance
In addition to the DOE Chemical Stability AST, MEA samples were subjected to a
Modified AST in which the voltage was held constant at 0.85 V, and the current was
measured. This modified AST was designed to remove the impact of the variation in
OCV between each sample. This modified AST was terminated when the fuel cell could
not sustain an operating voltage of 0.85 V and began operating at OCV. The voltage and
current density profiles for MEA-25 and MEA-100 are depicted in Fig. 4.19. Every 6
hours, performance measurements were taken, and every 24 hours, the RP was applied.
At the beginning of testing, MEA-25 generated 0.006 A cm-2, while MEA-100 produced
0.062 A cm-2. MEA-25 maintained 0.85 V for 26 hours before significant voltage losses
were observed. MEA-100 lasted 47 hours under modified AST conditions. Because of its
higher Pt loading, MEA-100 withheld 0.85 V for a more extended amount of time. Under
AST conditions, MEA-25 had a lower OCV; therefore, under modified AST held at 0.85
V, it reaches OCV sooner than MEA-100.
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Figure 4.19: The lifetime of MEAs tested using the Modified AST protocol.
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4.4.2 MEA Performance results
VI curves were collected every 6 hours of the modified AST and 24 hours after RP
(Fig. 4.20). MEA-100 generated higher currents hence better performance. Losses in
performance are more visible with the low loading Pt membrane. MEA-25 shows a
continual decline in voltage over time in the mid-current density region (0.1-0.8 A cm-2).
Reversible and irreversible voltage losses were not distinguishable because only one RP
cycle was conducted since the test was stopped at 30 hours. Measurements at 30 hours
show a significant loss and may not result from membrane degradation (sulfate poisoning
or membrane thinning). Voltage losses were less pronounced with MEA-100.
Performance did decline with time, evident by VI curves measured at 42 and 48 hours.
After 48 hours, irreversible voltage losses are observed with the 48 RP VI curve. This is
suggestive of membrane degradation or loss of catalyst surface area. MEA-25 VI curves
do not provide a clear indication of membrane degradation, while MEA-100's VI curves
imply that irreversible losses have transpired.
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Figure 4.20: VI curves (6-hour increments) for (A) MEA-25 and (B) MEA-100 during the Modified AST.

4.4.3 MEA Characterization
Fuel cell effluent water was analyzed for the FER depicted in Fig 4.21. At the start of
testing, MEA-25 had a 0.05 FER, whereas MEA-100 generated 3.61 µgF/(cm2-h). MEA25 had a final FER of 3.61 µgF/(cm2-h) after 30 hours. MEA-100 decreased at 30 hours
after the RP. In subsequent measurements, the FER increased with time. At the end of
testing, MEA-100's FER was 9.47. MEA-100 produced higher FERs than MEA-25.
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These FERs were higher by a factor of at least 4. These results are similar to rates
analyzed under OCV conditions and prove that MEAs with higher Pt loadings generate
higher FERs indicating more membrane decomposition. The increased FERs may be due
to radical formation at the electrodes in which higher Pt loadings have more sites for the
generation of peroxide radicals. Even when the operating voltage is adjusted, there is a
relationship between Pt loading and membrane degradation.
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Figure 4.21: Fluoride emission rate (FER) and measured during the AST and RP. Effluent water from both
anode and cathode were collected.

4.4.4 Discussion of Results
Under Modified AST conditions, the Pt catalyst is expected to be more stable at 0.85
V. Both samples are operating at identical potentials. It allows a better comparison of
membrane degradation with Pt loadings. Results show that MEA-100 continues to emit
higher FERs due to more Pt sites where peroxide forms. Regardless of operating voltage,
an increase in Pt loading increases membrane degradation.

4.5 Conclusions
In this chapter, the relationship between membrane degradation and Pt loading was
investigated. The findings show that reducing the Pt concentration extends membrane
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lifetime and reduces the rate of degradation. There is a juxtaposition with increasing Pt
loading, activity improves but durability is reduced. Higher voltages can be reached with
higher Pt loadings, and as these voltages exceed 0.9 V, catalyst degradation occurs i.e., Pt
dissolution or agglomeration. With higher Pt loadings, higher voltages can be reached and
as these voltages exceed 0.9 V, catalyst degradation occurs i.e. Pt dissolution or
agglomeration. Once the catalyst migrates into the membrane, the eventual gas crossover
will convert these Pt particles into heterogeneous catalyst sites for peroxide. From there
the membrane will decompose, allowing more gas crossover and reducing performance.
Even with operating at voltages less than 0.9 V, higher Pt loadings continued to have
increased membrane degradation. Higher Pt loadings typically generate more current, and
peroxide formation increases with current production. Irrespective of voltage, higher Pt
loadings generate greater FERs. Increasing Pt loading leads to more heterogeneous sites
for radical formation.[100] Membrane degradation increases as Pt loading increases.
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5. Probing Membrane Degradation with Varying Catalyst Layer
Structure and Carbon Support
5.1Intro & MEA CL Thicknesses, I/C Ratios and Carbon Supports
In this chapter, membrane durability in fuel cell systems was investigated with
distinct catalyst layer thicknesses, ionomer concentrations, and carbon support type. The
catalyst layer thickness is directly proportional to the desired total Pt loading in the
electrodes and inversely proportional to Pt's percentage in the catalyst ink and the Pt
weight loading on the carbon support. Ionomer in the catalyst layer enhances fuel cell
performance by providing proton-conducting pathways, while excessive ionomer can
result in catalyst poisoning and electrode flooding. The overall electrode thickness and
ionomer content is critical for efficient fuel cell performance. Information in this chapter
was published in the 2020 ECS Transactions Journal,
https://doi.org/10.1149/09809.0407ecst). [106]

André Spears, Tommy Rockward, Rangachary Mukundan and Fernando H. Garzon
“Probing Membrane Degradation with Varying Catalyst Layer Thickness and Carbon
Support”

5.2 Distinct Catalyst Layer Thickness
5.2.1 MEA Endurance
The DOE Chemical Stability AST was employed to induce the chemical degradation
process. OCV profiles for MEA-25 and MEA-25 + C are shown in Fig 5.1. Both samples
had a Pt loading of 0.025 mgPt cm-2; MEA-25 had a catalyst layer thickness of 1.3 µm,
whereas MEA-25 + C had a thickness of 5.2 µm. Extra carbon was added to the MEA
preparation to increase the electrode thickness for MEA-25. Both samples declined in
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OCV throughout the AST. Voltages were restored after performance measurements and
the RP. At the commencement of AST, OCV was 0.904 V for MEA-25 while MEA-25 +
C generated 0.912 V. MEA-25 was tested for 96 hours before reaching a voltage loss of
17%, finishing at 0.751 V. MEA-25 + C lasted over 200 hours though there was an
interruption in testing (192-204 hours). This sample ended with a final voltage of 0.722,
approximately 21% loss. Voltage loss accelerated with thinner catalyst layers; therefore,
increasing the thickness extends the membrane lifetime.
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Figure 5.1: The lifetime of MEA-25 and MEA-25 + C.

5.2.2 MEA Performance results
Polarization (VI) curves were conducted to monitor performance throughout a
sample's lifetime (Fig. 5.2). The red curve denotes performance at the beginning of
testing (BOT). Solid curves represent performance following the AST, while dashed lines
correspond to performance after the RP was applied. VI curves analyzed after the RP can
differentiate between reversible and irreversible voltage losses. These voltage losses
evolve with time, but the voltage may be restored by altering the operating conditions.
Reversible losses include water flooding, oxide formation, or catalyst poisoning.
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Perpetual damage to the MEA consequently causes irreversible voltage losses, i.e., loss of
catalyst surface area or membrane decomposition.
There is no apparent difference in performance at the beginning of testing (BOT)
as both samples generate approximately 1.3 A cm-2. MEA-25 shows a consistent loss
with time after the AST (24h – 96h). Contrastingly, MEA-25 + C does not have voltage
losses until the test ceased at 240 hours. In both MEA samples, voltage losses were not
fully recoverable, represented by voltage losses in the high current density region (> 1.0
A cm-2), governed by mass transport. Losses following the RP became more apparent and
evenly distributed with time. VI curves show that an increase in catalyst layer thickness
did not impact performance.
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Figure 5.2: VI curves (24-hour increments) for (A) MEA-25 and (B) MEA-25 + C.

Cathodic cyclic voltammograms (CV) were collected throughout each sample's
lifetime: before the AST (BOT), every 12 hours of the AST, and following the RP. Only
results for the initial 24 hours are depicted to illustrate changes that transpire are shown
in Fig 5.3. CV results for MEA-25 and MEA-25 + C are displayed in Fig 5.3. MEA-25's
CV is distorted after the first 24 hours of the AST, representing a short in the fuel cell
because of inadequate electrode connectivity. The double-layer region (0.3-0.7 V) is
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broader for MEA 25 + C due to increased carbon support. Following the AST, there are
distinct changes observed in the CV profiles. These differences are Pt oxide formation in
the high voltage region and suppression of the H2 adsorption/desorption regions. These
changes indicate reduced Pt accessibility resulting in diminished performance. After the
RP was applied, the CV was returned to its original profile, resembling the initial CV
before AST. The H2 regions were partially recovered, signifying the restoration of
available Pt sites.

Figure 5.3: CVs of the cathode in N2 before/after 24 hours of AST and after RP EIS for (A) MEA-25 and
(B) MEA-25 + C.

The electrochemical active surface area (ECSA) was calculated from the H2
desorption region. Fig 5.4 displays the ECSAs measured over time. The initial ECSA
values were 37.4 and 46 m2 g-1 for MEA-25 and MEA-25 + C, respectively. Though
these samples have identical Pt loadings, the difference in ECSA is attributed to thicker
electrode enhancing the electrode connectivity. Under AST conditions, the ECSA
continuously decreased throughout both MEA's lifetime. The final ECSA for both
samples was 14.3 m2 g-1, a 61.7% decrease for MEA-25, and a 68.9 % loss for MEA25 +
C. This overall decrease in catalyst surface area is due to Pt catalyst degradation. ECSA
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calculated after the RP partially increased, validating the restoration of the H2 regions
observed in CVs. Moreover, this signifies that the RP is removing adsorbates identified
with the reversible voltage losses.
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Figure 5.4: Electrochemical active surface area (ECSA) calculated over the MEA’s lifetime using cyclic
voltammograms.

Hydrogen permeation was measured to gauge membrane thickness. Hydrogen
crossover measurements were extrapolated to obtain a crossover value (Fig. 5.5). At the
beginning of testing, the crossover current densities were 0.91 and 0.13 mA cm-2 for
MEA-25 and MEA-25 + C, respectively. MEA-25 had a higher crossover current density
at the beginning of testing, but crossover was relatively uniform over time; MEA-25 had
a final crossover current density of 1.37 mA cm-2. Contrastingly, crossover current
density did increase with MEA-25 + C. This increase became apparent at 192 and 240
hours when crossover was at 1.4 and 8 mA cm-2. These crossover measurements are
similar in the initial 96 hours, and it is difficult to comment on the degradation rate since
MEA-25 + C endured the AST for an extended time.
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Figure 5.5: H2 crossover measured over time for MEA-25 and MEA-25 + C.

5.2.3 MEA Characterization
X-ray diffraction was used to characterize Pt nanoparticles and estimate the
crystallite size. XRD profiles of the commercial Pt catalyst, MEA-25, and MEA-25 + C
are displayed in Fig. 5.6. The average crystallite size was obtained using the DebyeScherrer equation. The Scherrer crystallite size of the catalyst powder before testing was
1.53 nm. After testing, the crystallite size for MEA-25 was 1.92 nm, whereas MEA-25 +
C had a crystallite size of 2.02 nm. This increase in crystallite size signifies particle growth
with both samples and elucidates the reduced ECSA at the end of the experiment.
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Figure 5.6: XRD profile of Pt catalyst, MEA-25 and MEA-25 + C.

Fuel cell effluent water was collected and analyzed for fluoride and sulfate anions.
Fluoride is a non-adsorbing anion, and the fluoride emission rate (FER) quantifies the
membrane degradation rate. Sulfate anions adsorb onto Pt active sites, adversely effecting
electrochemical reactions resulting in reduced fuel cell performance. The sulfate emission
rate (SER) was measured to examine the effectiveness of the RP.
FER analysis of effluent water collected throughout testing is presented in Fig 5.7.
MEA-25 produced a FER of 0.52 µgF/(cm2-h) in the initial 12 hours and finished with 2.74
µgF/(cm2-h). MEA-25 + C had a 1.27 µgF/(cm2-h) FER at the inception of the AST, and
FER increased over time, finishing with a FER of 5.4 µgF/(cm2-h). Omitting FERs
measured in the initial 12 hours, MEA-25 produced higher FERs than MEA-25.
The membrane thickness was calculated based on these FERs. MEA 25 has an
estimated thickness of 23.2 µm, and MEA-25 + C's thickness was 21 µm. Thickening the
catalyst layer thickness proves to protect the bulk membrane evident by the FERs and
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longevity of MEA-25 + C. The increased FERs with thinner electrodes may be due to
increased radical formation at the electrodes or within the membrane from Pt dissolution.

Figure 5.7: Fluoride emission rate (FER) measured during the AST of MEA samples with varying catalyst
layer thickness. Effluent water from both anode and cathode were collected.

SERs calculated are less than FERs because of the low molar concentration of
sulfate within the perfluorosulfonic acid membranes. Sulfate measurements verify that Pt
sites were poisoned by sulfate species released as the membrane decomposed. Thus, SER
correlates to catalyst surface area and is not characteristic of membrane degradation. Both
MEA samples exhibited SERs after the RP displayed in Fig. 5.8. MEA-25 yielded a 0.09
µgS/(cm2-h) SER following the first 24 hours, and SER increased minimally with time.
MEA-25 + C produced a 0.25 µgS/(cm2-h) in the initial 24 hours. This rate decreased with
time. MEA-25 + C produced higher SERs than MEA-25 because of its increased ECSA.
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Figure 5.8: Sulfate emission rate (FER) measured during the AST of MEA samples with varying catalyst
layer thickness. Effluent water from both anode and cathode were collected.

SEM images of membranes captured after the AST are shown in Fig. 5.9. SEM
showed membrane thinning in each sample after the AST confirming FERs. Membrane
thickness was measured at multiple regions of the MEA to calculate the average membrane
thickness. This average membrane thickness is an approximation of the entire sample.
MEA-25 had an average thickness of 18.2 µm, whereas MEA-25 + C retained 21 um.
MEA-25 + C sustained more membrane thinning, but it lasted for 200-plus hours of the
AST.

Figure 5.9: Cross-sectional SEM images of (A) MEA-25 after 96 hours of testing, and (B) MEA-25 + C
after 240 hours of testing.
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5.2.4 Discussion of Results
Membrane degradation was investigated with increasing the catalyst layer thickness by
diluting the catalyst ink with uncatalyzed carbon. These results show that the bulk
membrane is protected with increasing electrode thickness. The sample with an increased
electrode thickness did generate higher OCVs but the voltage did not decrease as quickly
as the sample with the thinner electrode. It is plausible that less Pt migrates into the
membrane with thicker layers. It is difficult to comment on the Pt migration without
microscopy analysis of Pt in the membrane. Further information on the relationship
between catalyst layer thickness and membrane degradation will be presented in the
following sections.

5.3 Varying Catalyst Layer Thickness and I/C Ratio
5.3.1 MEA Endurance
The DOE Chemical Stability AST was applied to facilitate radical generation.
OCV profiles for the samples are depicted in Figure 5.10. All samples decreased in OCV
throughout the AST. Voltages were moderately restored following diagnostic
measurements and the RP. The AST was discontinued once the voltage decayed by a
minimum of 20% (failure criteria) of the initial OCV. At the onset of testing MEA 50%
had the highest OCV at 0.961 V. Samples with increased catalyst layer thickness had
similar OCVs at the start of the AST, MEA 20% 0.2 had 0.925 V, while MEA 20% 0.8
produced 0.933 V. MEA 50%, the thinner electrode, lasted for 84 hours based on the
criteria; its final voltage was 0.764 V. MEA 20% 0.2 and 0.8 both surpassed 100 hours of
the AST. MEA 20% 0.2 ended testing at 0.736 V, 20% decay of its initial OCV. The final
voltage for MEA 20% 0.8 was 0.778 V, a 17% decrease. This sample was stopped prior
to the 20% failure criteria due to catastrophic shorting. The voltage profile shows that
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membranes with thicker electrodes withstand the AST's extreme conditions much longer
than those with thinner electrodes. Furthermore, the membrane with sparse ionomer
content endured the AST the longest.
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Figure 5.10: The lifetime of MEAs tested with varying catalyst layer thickness and ionomer content using
the DOE chemical degradation AST protocol.

5.3.2 MEA Performance results
VI curves for MEA 50% and MEA 20% samples are illustrated in Fig. 5.11. At
the onset of testing samples with a 0.8 I/C ratio, MEA 50% and MEA 20% 0.8 generated
a minimum of 1.5 A cm-2 denoted by BOT VI curves. MEA 20% 0.2, the sample with a
low ionomer concentration, produced 1.2 A cm-2. The differences in current outputs are
attributed to the impact of the I/C ratio on performance. Since MEA 20% 0.2 has less
ionomer loading, the performance is limited due to inhibited proton conductivity. VI
curves for the 50% catalyst sampled decreased in performance with time following the
AST; this was restored after the RP in the initial 48 hours. The subsequent VI curve (72
RP) did not return performance to the BOT VI suggestive of membrane degradation or
loss of catalyst surface area. MEA 20% 0.2 had erratic performance throughout this

73

experiment following the AST and after the RP. This sporadic behavior is related to Pt
accessibility due to lack of ionomer within the electrode and aforementioned limited
proton conduction. MEA 20% 0.8 sustained voltage losses in the initial 48 hours of the
AST, but ensuing VI curves increased in voltage with time for the remainder of testing.
This performance increase could be due to membrane thinning that is not yet
catastrophic. VI curves evaluated after the RP displayed a significant increase in
performance in comparison to BOT VI. The increase in performance results from the
RP's saturated conditions; subsequently, proton conductivity increases or surface oxides
are removed to expose more Pt sites. Irreversible voltage losses were not distinguishable
in RP VI curves due to prematurely stopping the AST.
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Figure 5.11: VI curves for (A) MEA-50%, (B) MEA-20% 0.2 and (C) MEA-20% 0.8.

Cyclic voltammograms (CV) of the cathode were collected throughout testing:
onset of testing, every 24 hours of the AST, and after the RP. Only results for the initial
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24 hours are depicted in Fig. 5.12 to illustrate changes in the CV. MEAs with 20%
catalysts have larger double regions (0.4-0.6 V) because of additional carbon support
with the thicker catalyst layer. MEA 50% and MEA 20% 0.8 experienced changes in the
CV under AST conditions, particularly in the Pt oxidation region (0.8-1.1 V). There was
a shift in the oxidation peak from the beginning of testing (BOT) to 24 hours, indicating
poisonous adsorbates onto Pt. After the AST, the hydrogen adsorption/desorption regions
decreased for MEA 50%, whereas with MEA 20% 0.8, this region unexpectedly
enlarged. This increase is perhaps is due to incomplete initial conditioning. In both
samples, CVs measured after the RP returned to its original shape comparable to the BOT
profile. In the case of MEA 20% 0.2, the profile does not have the typical features
indicative of Pt. The CVs insinuate minimal access to Pt sites shown by the reduced H2
adsorption/desorption peaks and non-existent Pt oxidation/reduction regions.
Furthermore, there are not any distinctive variations throughout the lifetime of MEA 20%
0.2. The ionomer concentration is insufficient to bind the components of the electrode.

Figure 5.12: CVs of the cathode in N2 before/after 24 hours of AST and after RP for (A) MEA 50%, (B)
MEA 20% 0.2, and (C) MEA 20% 0.8.

The hydrogen desorption region was used to determine the ECSA, denoted in Fig.
5.13. ECSA values at the commencement of testing were 49 m2 g-1 for MEA 50% and 58
m2 g-1 for MEA 20% 0.8. MEA 20% 0.2 began with an ECSA of 20 m2 g-1 consistent
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with the hypothesis of minimal catalyst activity with a low I/C ratio. Typically, ECSA
declines throughout AST conditions, as shown by MEA 50% and MEA 20% 0.8. MEA
50% finished with 26.6 m2 g-1, a 45.6% loss. MEA 20% 0.8 had a 76.4% decrease in
ECSA, ending with 13.7. ECSA was partially restored after the RP, confirming the partial
recovery observed in the CV's hydrogen desorption region, indicating the removal of
poisonous species from active Pt sites. MEA 20% 0.2 did not have any variations in
ECSA from BOT to after 24 hours of AST and RP; this explains the minimal differences
in the CVs collected after the initial 24-hour period. ECSA is sporadic, analogous with VI
curves and EIS measurements. There is a significant loss in ECSA at the culmination of
testing; ECSA was 4.24 m2 g-1, a 78.8% loss of surface area.
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Figure 5.13: Electrochemical active surface area (ECSA) calculated over the MEA’s lifetime using cyclic
voltammograms.

Linear sweep voltammetry (LSV) was used to measure hydrogen diffusion and
assess membrane thickness. Crossover results are depicted in Fig 5.14. H2 crossover for
MEA samples with I/C = 0.8 increased with time. At the time of failure (84 hours), MEA
50% had the highest crossover at 7 mA cm-2. MEA 20% 0.8 had a final crossover current
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density of 6 mA cm-2 after 120 hours of testing. Unexpectedly, MEA 20% 0.2 had
hydrogen crossover that decreased over time. At the start of the experiment, the crossover
was 2 mA cm-2 but ended with 0.53 mA cm-2. This reduction in crossover could be
associated with a detaching electrode, making it impractical to measure crossover current
using this method. These H2 crossover measurements reveal that MEAs with increased
catalyst layer thickness have increased membrane durability.
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Figure 5.14: H2 crossover measured over time for MEA 50%, MEA 20% 0.2 and 0.8.

5.3.3 MEA Characterization
X-ray diffraction was used to characterize the Pt catalyst and estimate the crystallite
size. XRD profiles of the commercial Pt catalyst powder (20% and 50%) and samples
post AST (MEA 50%, MEA 20% 0.2, and MEA 20% 0.8) are displayed in Fig. 5.15. The
average Scherrer crystallite size was derived using the Debye-Scherrer equation. Before
testing, the catalyst crystallite size was 1.53 nm for the 50% catalyst and 1.33 nm for the
20% catalyst. MEA 50% had a crystallite size of 2.14 nm, a 40% growth. Pt particles also
grew with MEA 20% samples. The crystallite size was 1.41 nm for MEA 20%0.2, a 6%
increase in size. MEA 20% 0.8 grew by 26% with a particle size of 1.68 nm. Particle
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growth is greater for MEA 50% even though it was tested for the shortest time. The
overall decrease in ECSA with MEA 50% and MEA 20% 0.8 can be attributed partly to
particle growth. For MEA 20% 0.2, the increase in particle growth is minimal. The
decrease observed in ECSA may be due to the delaminated electrode or Pt dissolution.

Figure 5.15: XRD profile of Pt catalysts, and varying catalyst layer thicknesses and I/C ratios: (A) 50% and
(B) 20% Pt/C catalyst samples.

Fluoride emission rate (FER) measurements were used to quantify the membrane
degradation rate. FERs from the multiple MEA samples are shown in Fig. 5.16. In the
initial 24 hours, MEA 50% spawned a 12.7 µgF/(cm2-h) FER. This FER increased with
time ending at 18.7 µgF/(cm2-h). MEAs constructed with thicker electrodes yielded lower
FERs. MEA 20% 0.8 produced a 4.7 µgF/(cm2-h) FER in the first 24 hours. FER peaked
at 48 hours with 7.4 µgF/(cm2-h); afterward, the FER decreased with time. MEA 20% 0.8
end of testing FER was 2.8 µgF/(cm2-h). MEA 20% 0.2 produced 0.07 µgF/(cm2-h) FER
after the AST's first 24 hours. FER intensified in the following measurements, and after
testing, the rate was 0.8 µgF/(cm2-h). FERs for this sample are lower than the other
samples due to poor MEA connectivity or lack of reaction sites available to produce
radicals. These increased rates with MEA 50% reveal that membrane degradation is
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greater with a thinner catalyst layer. Increasing the catalyst layer appears to protect the
bulk membrane material.
The membrane thickness after AST was determined based upon the FERs. Total
membrane thickness lost was acquired by the summation of FERs measured over time.
MEA 50 % has an estimated 14.2 µm membrane thickness lost. The anticipated thickness
for MEAs with 20% Pt catalysts after testing were 24 µm for MEA 20% 0.2 and 20.3 µm
with MEA 20% 0.8.
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Figure 5.16: Fluoride emission rate (FER) measured during the AST of MEA samples with varying catalyst
layer thickness and ionomer concentrations. Effluent water from both anode and cathode were collected.

Sulfate emission rates (SER) were calculated and correspond to the desorption of
sulfur species from Pt sites shown in Fig. 5.17. Each sample generated various amounts
of sulfate, always lower than fluoride, as anticipated by the low molar concentration of
sulfate within the Nafion membrane. In the initial RP, applied after the first 24 hours of
AST, MEA 20% 0.8 produced the highest SER, 0.45 µgS/(cm2-h), followed by MEA
50%, 0.32 µgS/(cm2-h), and MEA 20% 0.2 emitted the lowest, 0.08 µgS/(cm2-h). SER
results after the initial 24 hours are in agreement with ECSA calculations made at BOT.
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Rates for both MEA 50% and MEA 20% 0.8 decreased with time. MEA 20% 0.2 SER
increased from 24 to 48 hours, SER was 0.17 µgS/(cm2-h). Ensuing measurements for
MEA 20% 0.2 had diminished SERs. These findings reveal that the SER is more closely
related to the amount of catalyst surface area accessible for poisoning and is not
characteristic of membrane degradation rates like the FER.
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Figure 5.17: Sulfate emission rate (SER) measured during the RP of MEA samples with varying catalyst
layer thickness and ionomer concentrations. Effluent water from both anode and cathode were collected.

Cross-sectional SEM images of membrane samples were obtained after the AST.
At the onset of AST, the membrane thickness was 25 µm. SEM analysis confirmed FER
results by showing membrane thinning in each sample after the AST. Membrane
thickness was measured in sections at the inlet, mid, and outlet regions of the MEA to
calculate the average membrane thickness. This average membrane thickness is an
estimation of the entire sample. MEA 50% retained an average membrane thickness of
14.6 µm shown in Fig. 5.18. This average thickness is nearly identical to the calculated
thickness of 14.2 µm from the FER. MEAs with increased catalyst layer thickness
preserved more average membrane thickness as expected based upon FERs. MEA 20%
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0.2 preserved 20.6 µm thickness (Fig. 5.19) while MEA 20% 0.8 maintained a thickness
of 17 µm (Fig. 5.20). In Fig. 5.19, a delaminated electrode is revealed from MEA 20%
0.2, proving that this sample had inadequate connectivity due to a low ionomer content.
This finding elucidates the decrease in H2 crossover with time.
SEM analysis was also conducted to examine Pt particles in the membrane. Each
sample had Pt within the membrane as anticipated due to each sample operating above
0.9 V for an extended period, resulting in Pt dissolution. MEA 50% has Pt that is deeper
into the membrane, approximately 5 µm. MEAs with 20% appear to have a higher
density of Pt in the membrane, but Pt particles appear closer to the catalyst layer. Pt
precipitated within the membrane even though MEA 20% 0.2 had poor ionomer
connectivity in the electrode resulting in delamination. In all the samples, Pt particles
embedded in the membrane become sites for radical formation. Pt migration was more
significant, with MEA 50% than MEAs with 20% catalyst. This Pt migration, coupled
with higher H2 crossover, led to radical formation and more membrane degradation. This
elucidates the significantly higher FERs and more membrane thinning with thinner
catalyst layers.

Figure 5.18: Cross-sectional SEM images of MEA 50%: (A) thickness and (B) Pt in membrane.
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Figure 5.19: Cross-sectional SEM images of MEA 20% 0.2: (A) thickness, (B) delaminated electrodes, and
(C) Pt in membrane.

Figure 5.20: Cross-sectional SEM images of MEA 20% 0.8: (A) thickness and (B) Pt in membrane.

Transmission electron microscopy (TEM) was also used to analyze those Pt
particles that migrated into the membrane. TEM analysis was performed on samples with
increased catalyst layer thickness but varying ionomer concentrations. Pt particles are
recognized as bright spots in the dark field TEM images. MEA 20% 0.2 showed Pt
migrated 9 µm into the membrane (Fig. 5.22). It is challenging to observe the nanoscale
particles in these images, but the depth of Pt dissolution was confirmed with multiple
images at higher magnification. MEA 20% 0.8 had Pt particles that were 4 µm into the
membrane depicted in Fig. 5.23. Though MEA 20% 0.2 had particles that went further
into the membrane, previous FERs signify that this had no impact on membrane
degradation. Perhaps the concentration and location of the Pt particles within the
membrane were not optimal for peroxide generation. Utilizing less ionomer in the
catalyst layer for proton transport and binding leads to more Pt loss, yet these particles
have minimal impact on membrane decomposition.
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Figure 5.21: Cross-sectional TEM images of MEA 50%

Figure 5.22: Cross-sectional TEM images of MEA 20% 0.2
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Figure 5.23: Cross-sectional TEM images of MEA 20% 0.8

5.3.4 Discussion of Results
Increasing the catalyst layer thickness proved to extend membrane lifetime. The
membrane sample with reduced ionomer content endured the AST the longest. The
samples used in this section are comparable in that particle sizes are similar at the onset
of testing and initial OCVs were at least 0.925 V for each sample. Microscopy analysis
showed that Pt was in the membrane for each sample due to the high voltages generated
under AST conditions. With MEA 50%, the thinner electrode, Pt dissolution into the
membrane is greater compared to thicker electrodes. MEA 20% 0.8 has more ionomer in
the catalyst layer though it has the same I/C ratio as MEA 50%. Increasing electrode
thickness protects the bulk membrane due to less Pt getting into the membrane since there
is more distance for Pt to travel before emission into the membrane.[106] MEA 20% 0.2
generated extremely low FERs. TEM findings reveal that Pt is in the membrane, but these
Pt particles were not active towards producing free radicals. Pt in the membrane was not
detrimental to the membrane because there was less gas crossover for radical formation.
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This finding is support by SEM imaging revealing that there was electrode delamination
so little H2 was getting to the membrane. Membrane degradation is dramatically reduced
when the electrode thickness increases.

5.4 Carbon Support Type
5.4.1 MEA Endurance
The lifetime and OCV profile for Pt on carbon supports KB (high surface area) and
VC (low surface area) membrane samples are depicted in Fig. 5.24. The criteria for failure
was defined as a voltage decrease greater than 20% of the initial OCV or excessive
shorting. Diagnostics were executed every 24 hours, followed by a recovery protocol. OCV
decreased continuously under AST conditions throughout testing. The initial OCVs were
almost identical, 0.933 V and 0.934 V respectively for KB and VC. Both samples exceeded
100 hours of AST conditions. KB had a voltage loss of 17%, with a final voltage of 0.778.
The final voltage for VC was 0.751 V, a 20% decrease in voltage. The final voltage for KB
was 0.778 V, a 17% loss. VC experienced a 20% loss with a final voltage of 0.751 V.
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Figure 5.24: The lifetime of MEAs with different carbon supports tested using the DOE chemical
degradation AST protocol.
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5.4.2 MEA Performance results
VI curves were collected in 24-hour intervals and following the RP shown in Fig. 5.25.
The KB sample generated approximately 1.55 A cm-2 at the inception of testing, denoted
by the red curve. KB endured voltage losses in the initial 48 hours of the AST, but resulting
VI curves increased in voltage with time. This performance increase may be due to
membrane thinning that is not yet detrimental. VI curves evaluated after the RP displayed
a significant increase in performance in comparison to BOT VI. The increase in
performance results from the RP's saturated conditions; subsequently, proton conductivity
increases or surface oxides are removed to expose more Pt sites. Irreversible voltage losses
were not observed in RP VI curves due to prematurely ending the AST. VC produced 1.75
A cm-2 at the onset, greater than KB due to Pt being more accessible with VC. Performance
decreases with time in the initial 96 hours, but it increases at 120 hours, denoted by the
orange VI curve. This increase coincides with the increase in performance after the 96RP
suggestive of recovered voltage losses. In subsequent VI curves, voltage losses decrease
with time. The measurement at 144RP shows voltage loss throughout the entire curve,
indicating irreversible voltage losses have occurred.
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Figure 5.25: VI curves for (A) KB and (B) VC.

Cyclic voltammograms (CV) for the cathode are illustrated in Fig. 5.26 for both carbon
supports. These CVs were measured before and after the 24 hour AST, and again after RP.
Following the AST, both supports underwent changes in the CV profile. The hydrogen
desorption region was suppressed after the AST with the VC sample, yet the double layer
region increased unexpectedly with KB. This increase with KB could be due to incomplete
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conditioning. Both samples illustrated a shift in the oxidation region from BOT to 24 hrs,
suggesting poisoning species adsorbed onto catalyst sites. Once the RP was applied, the
CV was restored to its original shape almost comparable to BOT for both supports. With
VC, the hydrogen desorption region was only partially restored. The VC samples showed
no change in the CV region (0.4-0.6 V) dominated by support capacitance after the
recovery protocol.

Figure 5.26: Cyclic voltammograms of the cathode in N2 before/after 24 hours of AST and after RP for
MEA samples with different carbon supports (A) Ketjen Black and (B) Vulcan XC-72.

The hydrogen desorption region was used to calculate the ECSA, demonstrated in Fig.
5.27. ECSA values calculated at the start of testing were 58 m2 g-1 for KB, high surface
area carbon, and 42 m2 g-1 for VC, low surface area carbon. This difference in ECSA is
due to the catalyst particle size in each carbon support; typically KB has a smaller particle
size. Both samples exhibited a decrease in ECSA with time and partial restoration after the
RP was applied. The partial restoration is more noticeable with VC. For KB, after 72 hours,
the partial restoration is minimal at best and non-existent after 96 hours. At the time of
failure for both samples, there is at least a 75% loss of ECSA. We could not calculate ECSA
for VC at 168 hours because the cell had a significant short.
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Figure 5.27: Electrochemical active surface area (ECSA) calculated for MEA samples with different carbon
supports.

Hydrogen crossover measurements for the carbon support samples were compiled and
are illustrated in Fig. 5.28. KB sample showed a consistent increase in hydrogen
permeation, excluding 48 hours. After 48 hours, the MEA with KB produces a higher
crossover current density for the remainder of its testing with a final crossover of 6
mA/cm2. The membrane sample with VC support remained relatively stable for the initial
96 hours before the crossover increased until the time of failure with the crossover current
density ending at 4.9 mA/cm2. These results suggest that both membranes are decomposing
with each carbon support. It is difficult to comment on the degradation rate since end of
testing crossover measurements are relatively close.
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Figure 5.28: H2 crossover measurements extrapolated using linear sweep voltammetry of MEA samples
with different carbon supports.

5.4.3 MEA Characterization
Fluoride emission rate was measured to characterize the membrane degradation rate
(Fig. 5.29). In the initial 48 hours, FERs are similar for both samples. KB has a total FER
of 12.1 µgF/(cm2-h), while VC’s total FER was 11.3 µgF/(cm2 -h). It should be noted from
Figure 5.24 that during this time (0-48 hours), the KB MEA was subjected to a higher
potential (OCV). During the remaining lifetime of the KB sample (72-120 hours), FER
declines with time; these FERs are less than the VC sample. KB had a final FER of 2.8
µgF/(cm2-h). The MEA with VC produces FER that is greater than KB by a factor of at
least two. The VC sample reaches its maximum FER value at 72 hours (9.3 µgF/(cm2-h)).
Subsequently, the FERs show a decreasing trend for the remainder of the AST. It should
be noted that between 48-96 hours, the OCVs of the two samples were almost identical,
with the VC sample exhibiting the enhanced FER. Membrane thickness loss was derived
from FERs. KB is estimated to retain 20.3 µm of its original membrane thickness, yet VC
is anticipated to lose 11 µm of membrane thickness. These results imply that the membrane
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degradation rate is higher when VC was used in the cathode catalyst layer. Pt particles on
VC support have a broad range of particle sizes, while KB’s particle size is more
uniform.[91,92] Pt dissolution may be greater with VC due to the smaller particle sizes on
the support. Also, KB’s microporous structure allows Pt to be inaccessible in dry
conditions; thus Pt utilization is reduced significantly.[107]
Sulfate emission rates support the hypothesis that they are the predominant Pt catalysis
site-blocking species. As previously stated, the RP removes sulfate species from Pt sites
showing partial restoration in ECSA. The RP removed sulfate species from Pt sites
irrespective of carbon support morphology displayed in Fig. 5.30. The high surface area
carbon, KB, had a higher SER after the first 48 hours, the total SER was 0.81 µgS/(cm2-h).
VC, low surface area carbon, had a total SER of 0.51 µgS/(cm2-h). At 72 hours, both
samples had identical SERs, 0.22 µgS/(cm2-h). They both also showed SERs that decline
throughout time with the except for the outlier at 96 hours for the VC support sample.
These results are again consistent with SER being representative of ECSA losses rather
than membrane degradation rates.

92

Figure 5.29: Fluoride emission rate (FER) measured during the AST MEA samples with different carbon
supports. Effluent water from both anode and cathode were collected.

Figure 5.30: Sulfate emission rate (FER) measured during the AST MEA samples with different carbon
supports. Effluent water from both anode and cathode were collected.

The cross-sectional SEM images of KB and VC samples taken after AST are in Fig.
5.31 and 5.32. Membrane thickness was measured in three sections of the MEA, inlet, mid,
and outlet. The initial membrane thickness (average) was evaluated and measured to be 25
µm-the average membrane thickness measured after the AST was 17 µm for KB and 13.8
µm for VC. KB’s average membrane thickness value is within 16% of the estimated
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membrane thickness after testing, 20.27 µm. The FERs projected that VC will lose 11.03
µm of thickness and the average membrane thickness lost was 11.2 µm. This projected
value and actual value are nearly identical, yielding a 1.5% difference. SEM analysis also
revealed Pt in the membrane with both types of carbon support. Pt migration is more
prominent with the VC sample due to dissolution.

Figure 5.31: Cross-sectional SEM images of membrane samples with Ketjen Black carbon support after
120 hours of testing.

Figure 5.32: Cross-sectional SEM images of membrane samples with Vulcan XC-72 carbon support 168
hours of testing.
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Figure 5.33: Cross-sectional TEM images of KB membrane sample

Figure 5.34: Cross-sectional TEM images of VC membrane sample

TEM analysis was conducted to analyze those Pt particles that migrated into the
membrane in Fig 5.33 and 5.34. Pt particles are recognized as bright spots in the dark
field TEM images. KB had Pt migrate 4 µm into the membrane while VC had Pt slightly
further at 5.5 µm, confirming more Pt migration with VC. Based on these cross-sectional
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images (SEM and TEM), it appears that there is a higher density of Pt with VC; this is
due to the instability of those smaller Pt particles on this support. These findings show
that the type of support used impacts Pt migration.

5.4.4 Discussion of Results
The type of carbon support used impacts membrane degradation. Pt/KB has a
microporous structure, and the particle size is typically smaller hence higher ECSA; Pt
distribution for this catalyst is more uniform. Pt/VC is a mesoporous structure with Pt
only available on the outer surface. Though these Pt particles are larger, the Pt
distribution on this support is broader hence smaller particles susceptible to Pt
dissolution. Both samples had similar OCVs throughout the experiment, yet FERs were
particularly greater with VC. The difference in FERs has to be attributed to VC having
more Pt migration with reduced Pt particle sizes, as well as the Pt is more accessible in
the catalyst layer. This was confirmed by microscopy analysis revealing increased Pt and
extended migration with the Pt/VC membrane sample. Pt precipitation is less with KB
due to the confinement of Pt in the micropores, and rather than dissolving Pt, these
particles agglomerate. This elucidates the low concentration of catalyst in the membrane
resulting in reduced FERs. Varying the carbon support type influences the particle size
resulting in more Pt precipitation where peroxide formation occurs.

5.4.5 Modified AST
5.4.5.1 MEA Endurance
A Modified AST was applied to remove the impacts due to variations in OCV. Instead of
using OCV following the DOE Chemical Stability AST the fuel cell was held at 0.85 V.
A voltage/current density profile for modified AST is shown in Fig. 5.35 for KB and VC
samples. The criteria for failure was when the cell did not maintain 0.85 V and began
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operating at OCV. Both samples were able to sustain 0.85 V for at least 100 hours. The
MEA with KB proved to maintain 0.85 V for a more extended time, KB lasted
approximately 138 hours, yet VC lasted only114 hours before operating at OCV. The
starting current density for KB and VC was 0.012 and 0.042 A cm-2, respectively. VC
continued to generate higher current densities for the first 48 hours, and both samples
generated similar current densities for the remainder of testing.

Figure 5.35: The lifetime of MEAs MEA samples with different carbon supports tested using a modified
AST at 0.85 V.

5.4.5.2 MEA Performance
Polarization curves are displayed in Fig.5.36 in 24-hour increments. KB had
voltage losses in the initial 24 hours of testing, but performance increased in the
following measurements and remained stable. All VI curves collected after the RP
outperformed the BOT baseline curve. These RP curves illustrate that there was not any
irreversible damage done to the MEA. VC did not show any significant changes after the
AST throughout this experiment. RP VI curves did not show a decline in performance
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until the 96RP curve in which voltage losses were only observed in the mass transport
region (>1.0 A cm-2).

Figure 5.36: VI curves for (A) KB and (B) VC during the Modified AST.

Hydrogen crossover measurements did not show any significant difference
between the two samples, shown in Fig 5.37. An increase H2 crossover is not as dramatic
as the findings shown in OCV testing consistent with the lower voltages used. Crossover
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current density measurements of the membrane with VC electrodes slightly increased,
changing from 2.18 to 2.4 mA cm-2. The sample with KB showed an increase in H2
crossover throughout the experiment; crossover current density began at 1.5 mA/cm2 and
finished at 2.5 mA cm-2. These results suggest that MEAs have minimal membrane
degradation.
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Figure 5.37: H2 Crossover measurements extrapolated throughout the MEA’s lifetimes using linear sweep
voltammetry.

5.4.5.3 MEA Characterization
Fluoride emission rates were calculated for the duration of the modified AST and
are displayed in Fig. 5.38. FERs collected at OCV are higher than those collected at
modified AST. Samples show similar FERs after the first 24 hours of the modified AST;
KB had a 1.05 µgF/(cm2 h) FER while VC had a 1.37 µgF/(cm2 h). Throughout the
experiment, VC generated FERs greater than KB by a factor of at least two. At the
respective time of failure, the FER was 0.95 and 3.3 µgF/(cm2 h) for KB and VC,
respectively. In agreement with previous FER findings, VC has a higher FER than KB,
confirming that the type of carbon support affects membrane degradation. The anticipated
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membrane thicknesses after modified AST are 24.4 and 23.6 µm for KB and VC,
respectively.
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Figure 5.38: Fluoride emission rate (FER) measured during the modified AST of MEA samples with
different carbon supports. Effluent water from both anode and cathode were collected.

Cross-sectional SEM images of membranes after the modified AST are shown in
Fig. 5.39. SEM images show membrane thinning, in agreement with FERs collected
under modified AST conditions. The membrane sample with KB retained an average
thickness of 24.3 µm. This average membrane thickness is almost equal to the 24.4 µm
projected value. The VC sample had more membrane degradation with an average
thickness of 22.7 µm and is within 4% of the estimated membrane thickness, 23.6 µm.
KB preserved more of its membrane despite it being tested for an additional 24 hours.
The SEM images agree with FERs and confirm the VC membrane degradation extent and
rate is higher.
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Figure 5.39: Cross-sectional SEM images of membrane samples with (A) KB carbon support after 138
hours of testing and (B) VC carbon support 114 hours of testing.

5.4.5.4 Discussion of Results
Under Modified AST conditions, the Pt catalyst is expected to be more stable at 0.85
V. Both samples are operating at identical potentials. This experiment provides a better
comparison of membrane degradation with varying carbon supports. Results show that
VC continues to emit higher FERs. This could be due to some peroxide formation at this
potential denoted by pourbaix diagrams.[12] Also, as the potential decreases or current
increases, then peroxide formation increases.[10,105] VC generates higher currents at the
onset of testing due to better accessibility to Pt on the outer surface. Since KB has Pt
embedded in pores, these particles are not as easily accessed. Peroxide radicals formed
more readily with VC evident by the greater FERs. These radicals are most likely formed
in the catalyst layer due to an operating voltage where Pt is stable. Pt dissolution is
expected not to be significant, and since H2 crossover did not increase substantially, then
peroxide did not form in the local membrane. VC had higher FERs illustrating that the
carbon support type impacts membrane degradation regardless of operating voltage.

5.5 Conclusions
In this chapter membrane degradation was studied with varying the catalyst layer:
thickness, ionomer content, and carbon support type. Membrane lifetime was extended

101

with increasing the electrode thickness due to a reduced rate of Pt migration. With thicker
electrodes, Pt ions or Pt particles are more likely to remain within the catalyst layer.
Moreover, given the same electrode thickness and catalyst type, an artificially low I/C
content leads to lower membrane degradation. This may be due to lower Pt ion transport
as the ions migrate through the ionomer. Finally, the structure of the carbon support type
impacts membrane degradation. Pt particles are more available on the surfaces of the
mesoporous structure, and more importantly, there are smaller particles available for Pt
dissolution. With microporous supports, Pt embedded is embedded in these pores, making
them better anchored and less accessible. Radicals are more easily formed in the membrane
as Pt migrates, dependent upon particle size and operating voltage. This is evident by more
Pt in the membrane and higher FERs with VC. These findings show that type of carbon
support used with Pt catalysts impacts membrane degradation.
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6. Studying the Impact of Ce on Membrane Degradation with BiMembranes
6.1 Intro & Bi-Membrane Samples
As shown in previous chapters, the perfluorinated sulfonic acid membrane
decomposes when peroxide radicals attack its chemical structure. Research has shown
that the harsh conditions of PEMFCs causes Pt to dissolve into the membrane where
radicals are primarily formed due to gas crossover reacting on Pt sites. Pt was
deliberately placed into the membrane before the AST to understand the membrane
degradation mechanisms better. In this chapter, bi-membrane samples were constructed
by intentionally placing a Pt band into the membrane to observe the degradation process.
Also, cerium ions (Ce) were deposited with Pt to compare the radical scavenger's
effectiveness. Three bi-membrane samples were prepared. Bi-membrane (BM) was used
as the control or baseline with Pt-based electrodes. The next sample was BM+Pt, in
which Pt was deposited inside the membrane via ultra-sonic spray coating prior to the
AST. The final sample was BM+Pt+Ce that incorporated Pt and Ce into the bimembranes with a 1:1 ratio between Pt and Ce. In this chapter, the DOE Chemical
Stability AST was applied to bi-membrane samples inducing the degradation process.

6.2 MEA Endurance
The lifetime and OCV profile for bi-membranes, BM, BM+Pt, and BM+Pt+Ce, are
depicted in Fig. 6.1. The criteria for failure was defined as a voltage decrease greater than
20% of the initial OCV or excessive shorting. Diagnostics were executed every 24 hours,
followed by the voltage recovery protocol. OCV decreased continuously under AST
conditions throughout testing. BM had an initial OCV of 0.982 V and endured the AST for
140 hours before failure. When a Pt band was added, the lifetime was shortened; BM+Pt
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began at 0.978 V and lasted for 96 hours. The addition of Ce proved to extend membrane
lifetime even with a Pt band present. The initial OCV for BM+Pt+Ce was 0.987 V and was
tested for 200+ hours, with only a 5% decrease in OCV. These results signify that
membrane degradation is accelerated with a Pt band in the membrane. More importantly,
the incorporation of Ce makes radical formation negligible even with a Pt band hence the
extended lifetime.

Figure 6.1: The lifetime of bi-membrane MEAs tested using the DOE chemical degradation AST protocol.

6.1 MEA Performance results
Cyclic voltammograms (CV) for the cathode are illustrated in Fig. 6.2 for bimembrane MEAs. Only results after the AST and RP are shown. These CV profiles
provide valuable information on the samples. For the BM and BM+Pt samples, there are
significant differences in CVs after AST and RP. In the low voltage region (0-0.3 V), the
hydrogen desorption is suppressed after the AST and increases following the RP. Similar
differences can be observed in the high voltage region (0.7-1.1 V) in which both samples
have growth in oxide formation after the AST. The integration of Ce ions minimized the
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changes observed in CV profiles. There is not any difference in the H2 desorption region
from AST to RP. The Pt oxide region increases, but it is less than the samples previously
mentioned signifying reduced oxide formation. The CV profiles for these samples
illustrate the impact of Ce limiting membrane decomposition.

Figure 6.2: Cyclic voltammograms of the cathode in N2 before/after 24 hours of AST and after RP for bimembrane MEA samples with different carbon supports (A) BM, (B) BM+Pt, and (C) BM+Pt+Ce.

Hydrogen crossover measurements for bi-membrane samples are depicted in Fig.
6.3. At the onset of testing, the BM sample had a 0.38 mA/cm2 crossover current density.
The crossover did increase with time, and at the end of testing, the crossover was 3.8
mA/cm2 after 140 hours. BM+Pt with a Pt band intentionally deposited had an initial
crossover of 0.401 mA/cm2. This sample was tested for 96 hours, and at its time of
failure, it had the highest crossover of all three samples at 3 mA/cm2. The integration of
Ce ions aided the membrane in that hydrogen crossover was reduced significantly.
Crossover current for BM+Pt+Ce did not exceed 0.5 mA/cm2 indicating that the
membrane is not thinning or decomposing.
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Figure 6.3: H2 crossover measurements extrapolated using linear sweep voltammetry of bi-membrane MEA
samples.

Hydrogen crossover was measured at various pressures with an NR211 membrane
(25 µm thickness) and BM+Pt (75 µm thickness) illustrated in Fig. 6.4. This was
conducted to evaluate hydrogen diffusion across the membrane to the Pt band. A model
was produced from crossover measurements at different pressures. NR211 membrane
was tested for 60 hours and measured crossover at 3.4, 10.5, and 28.5 psi. Crossover for
BM+Pt was analyzed at 3.4, 10.5, and 21 psi. In the NR211 measurements, there is a
distinct increase in crossover current with pressure at the onset of testing. Crossover
increased with increasing pressure throughout the experiment. A line of best fit was
applied, generating y = mx + b, the linear equation formula. The slopes generated were
0.038, 0.066, and 0.095 for 3.4, 10.5, and 28.5 psi, respectively. Placing a Pt band in the
membrane limits the amount of hydrogen crossover since H2 can be reacting with the Pt.
The crossover did increase with pressure even in the presence of Pt band. After the first
24 hours of the AST, the crossover was 0.26, 0.46, and 1.25 mA/cm2 for 3.4, 10.5, and 21
psi. At 3.4 psi, crossover did not surpass 0.5 mA/cm2 until the sample's failure at 96
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hours, in which it had a 3.02 mA/cm2 crossover. When 10.5 psi was applied, BM+Pt
began to approach 1 mA/cm2 after 48 hours of testing. At the end of testing, crossover
was 5.02 mA/cm2 at 10.5 psi. Measuring crossover at 21 psi, the highest in this sample
set, produced the highest crossover currents. Following the initial 24 hours of testing,
crossover was greater than 1 mA/cm2, and at the time of failure, it was 23 mA/cm2. Such
a high crossover can be indicative of pinhole formation. Slopes generated from the line
best of fit were 0.016 for 3.4 psi, at 10.5 psi the slope was 0.031, and for 21 psi it was
0.13. The results with BM+Pt are consistent with NR211 in that increasing backpressure
increases H2 diffusion.
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Figure 6.4: H2 crossover measurements with varying pressures for (A)NR211 membrane and (B) BM+Pt.

6.2 MEA Characterization
Fluoride emission rate was calculated to determine the membrane degradation rate (Fig.
6.5). BM generated a FER of 0.75 µgF/(cm2-h) during the break in process. This value is
typically neglected since its value is minimal. When Pt is in the membrane, degradation is
transpiring even in the break in protocol. Before the AST started BM+Pt produced a 3.25
µgF/(cm2-h) FER, while BM+Pt+Ce had 1.5 µgF/(cm2-h). In the initial 24 hours of AST,
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each sample had various FERs. BM+Pt had the highest FER at 24.5 µgF/(cm2-h), nearly
twice that of BM which had a 13.3 µgF/(cm2-h). The integration of Ce in BM+Pt+Ce
reduced FER to 0.2 µgF/(cm2-h). Both BM and BM+Pt reached their maximum FER at 48
hours, 22.1 and 26.2, respectively. In the subsequent measurements FERs declined but
BM+Pt continued to generate higher rates. BM+Pt+Ce’s FER increased following the
initial 24 hours but this sample did not generate FERs greater than 1 µgF/(cm2-h) for the
remainder of testing. Membrane thickness loss was derived from FERs. BM is estimated
to retain 54.9 µm of its original membrane thickness, while BM+Pt is anticipated to have
preserved 55.3 µm of membrane thickness. Membrane thickness lost for BM+Pt +Ce is
negligible since FERs were so low, its expected membrane thickness is 73.7 µm. These
results show that membrane degradation is more significant with the Pt band. In addition,
the results signify that Ce reduces degradation significantly, even with Pt in the membrane.

Figure 6.5: Fluoride emission rate (FER) measured during the AST for bi-membrane MEA samples.
Effluent water from both anode and cathode were collected.
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Sulfate emission rates confirm that sulfur species adhere onto Pt sites shown in Fig.
6.6. As previously stated, the RP removes sulfate species from Pt sites in all three bimembrane samples. Prior to the membrane degradation AST, SERs were greater with bimembrane Pt samples. The SER was 0.19, 1.24, and 0.89 for BM, BM+Pt, and BM+Pt+Ce,
respectively. In the following measurements BM’s SER increased to a maximum of 2.4
µgS/(cm2 h). At its respective time of failure, BM generated a 1.5 µgS/(cm2 h) SER. BM+Pt
produced at least 3 µgS/(cm2 h) in all measurements after the RP. With BM+Pt+Ce, SERs
were significantly less than the other samples. Rates collected after the RP were less than
0.5 µgS/(cm2-h) indicating minimal loss of sulfur species. Typically, the SER is related to
the surface area but with Pt in the membrane it can lead to more degradation. The high
SERs generated with BM+Pt implies that much more degradation occurred via the release
of sulfur species.
These FER and SER results are consistent with one another in that BM+Pt has the
highest rates. This confirms that Pt in the membrane accelerates the decomposition of the
membrane. Without Pt in the membrane, the BM sample’s rates were reduced. The addition
of Ce with Pt in the membrane reduced rates by one order of magnitude.
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Figure 6.6: Sulfate emission rate (FER) measured during the AST for bi-membrane MEA samples. Effluent
water from both anode and cathode were collected.

Cross-sectional SEM images of membrane samples were obtained after the AST.
At the onset of AST, the membrane thickness was 75 µm. SEM analysis confirmed FER
results by showing membrane thinning in each sample after the AST. Membrane
thickness was measured in sections at the inlet, mid, and outlet regions of the MEA to
calculate the average membrane thickness. This average membrane thickness is an
estimation of the entire sample. BM retained an average membrane thickness of 43.7 µm
displayed in Fig. 6.7. In addition to membrane thickness, SEM showed Pt migration into
the membrane. These Pt particles became reaction sites for peroxide formation explaining
the increase in FER observed from 24 to 48 hours. BM+Pt preserved 50.9 µm thickness
shown in Fig. 6.8. SEM images showed more degradation on the cathode side throughout
the sample. The average thickness retained on the cathode side was 12.5 µm, 50% of its
original thickness, while the anode maintained 39.4 µm, 78.8%.
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Figure 6.7: Cross-sectional SEM images of BM: (A) thickness and (B) Pt in membrane.

Figure 6.8: Cross-sectional SEM images of BM+Pt: (A) inlet, (B) middle, and (C) outlet.

6.3 Discussion of Results
Interesting results were obtained with bi-membrane samples. A BM sample was
tested under the DOE AST, lasting 140 hours. This sample produced moderate FERs and
SERs as expected. From earlier observations, at these high voltages Pt most likely
dissolved into the membrane after a lengthy time of testing. Integrating a Pt band
decreased the membrane lifetime to 96, approximately a factor of 1.5. Typically, a Pt
band forms via dissolution and gas crossover oxidizes/reduces Pt ions. The
oxidation/reduction mechanism was bypassed thus degradation happened immediately
evident by the unusual FER prior to the AST. The presence of the Pt band facilitated the
production of radical species via gas crossover reacting on Pt particles. This elucidates
the higher FERs and SERs observed with BM+Pt compared to BM. Findings with
BM+Pt show a Pt band increases the rate of degradation and more importantly
degradation is primarily due to radical formation in the membrane in the presence of Pt
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particles. Adding Ce ions with Pt black allowed us to observe the effectiveness of radical
scavenging. The extremely low FERs and SERs proved that Ce suppressed the
production of radical species. Ce3+ reacts with OH• before the reactive oxygen species
can damage the membrane. This elucidates why BM+Pt+Ce can sustain the AST's harsh
conditions and the minimal degradation observed with FERs and SERs.

6.4 Conclusions
In this section, bi-membrane samples were used to gain further insight into the impact
of Pt in the membrane and Ce radical scavenging effectiveness. The addition of a Pt in
the membrane and react gas crossover increased membrane degradation evident by the
shortened lifetime, and FERs and SERs. When Ce was integrated into membranes with
Pt, the scavenger continued to be effective. FERs and SERs were reduced significantly
due to elimination of those radicals before they could attack the membrane's polymer
structure.
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7. Conclusions and Future Outlook
7.1 Scientific Contribution
In this research project, for the first time, membrane degradation was investigated
with ultra-low Pt loadings. With such low loadings, compelling results were discovered
that contribute to the knowledge of membrane degradation mechanisms.
An important finding from this research showed that an increase in Pt loading
increases membrane degradation. This results from more Pt dissolution with increasing Pt
loadings and OCV. With Pt particles in the membrane, radicals are easily formed, leading
to local membrane decomposition. In a modified AST, the influence of the difference in
OCV on degradation was removed and the samples were held at a fixed voltage of 0.85
so that any difference in degradation rate was solely dependent upon Pt loading. Results
showed that the higher Pt loading continued to generate higher FERs due to more
heterogeneous sites for radical formation. Thus, higher Pt loadings will accelerate
membrane degradation because of higher radical formation rates induced by greater
amount of Pt in the membrane.
Since ultra-low Pt loadings were being utilized in this project, the catalyst layer
thickness was also modified while maintaining Pt loadings to deconvolute the effects of
Pt loading on membrane durability from those of electrode layer thickness. In these
results, the increase in catalyst layer thickness obtained by diluting the catalyst with
carbon, proved to prolong membrane lifetime. Pt particle density is greater with thinner
catalyst layers compared to thicker catalyst layers. Pt particles are farther away from the
membrane with thicker electrodes and these particles may agglomerate as opposed to
migrating into the membrane. Hence, the Pt dissolution rate into the membrane is greater
with thinner electrodes, and this coupled with the smaller chance of radicals being
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consumed in the thinner electrode before getting into the, leads to greater degradation
rates.
When the ionomer in the electrode was varied, the findings showed that using an
artificially low I/C ratio significantly reduces the FER but also results in an associated
loss in fuel cell performance. The FER was an order of magnitude lower than the sample
with an ideal I/C ratio. Another finding was that while a low I/C ratio resulted in a
significant amount of Pt migration into the membrane, the membrane degradation rate
was significantly lower. This result result also unambiguously demonstrates that
electrochemically active Pt electrodes are a source of radicals that lead to membrane
degradation. This finding further supports the protective effect of thicker electrodes that
could prevents these radicals from reaching the membrane.
In another study, two types of carbon supports were used to analyze membrane
degradation. KB, microporous support in which Pt is located on the surface and in the
micropores was used, and VC, mesoporous support was used where Pt is located only on
the surface. The degradation rate was higher with VC most likely due to the broader Pt
particle size distribution. VC has smaller Pt particles on its surface that are susceptible to
precipitating into the membrane in PEMFC environments. KB has smaller Pt located
within its pores, making it more difficult for Pt to migrate into the membrane under the
AST's dry condition. The modified AST was also applied to the carbon support types.
The results were similar, in that VC produced higher FERs. These findings support that
the carbon support type used with Pt catalysts affects radical formation by influencing Pt
accessibility for both ORR and dissolution.
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In the final research aspect, bi-membrane samples without Pt, with Pt, and with Pt
and Ce were evaluated. The initial FER of the bi-membrane with Pt was the highest
confirming that the deposited Pt served as a radical generating site. However, even with
the bi-membrane sample without the Pt the gas crossover resulted in the reduction of Pt2+
to Pt over time and Pt in the membrane increased with time. These Pt sites in the
membrane resulted in increased degradation of the bi-membrane sample over time. The
results showed that the location for increased radical generation is primarily in the
membrane with Pt particles/band. Ce proved to be an effective scavenger with Pt in the
membrane by reducing FERs by two orders of magnitude compared to BM+Pt. Ce will
react with the OH• radical before it can attack the polymer's structure, thus protecting the
membrane.
The membrane’s durability is paramount in fuel cell systems and results prove
that peroxide radicals breakdown the membrane causing thinning and reduced
performance. Membrane degradation is accelerated by Pt particles residing within the
membrane. With ultra-low Pt loadings, Pt migration is reduced to an extent and
modifying the catalyst layer components can help reduce Pt getting into the membrane,
thus extending membrane lifetimes. In addition, the use of thicker catalyst layers and
lower I/C ratios resulting in lower Pt accessible electrochemically, also have a protective
effect on the membrane. Finally, the incorporation of Ce mitigates radicals from
attacking the membranes structure even in the presence of Pt particles/band.

7.2 Technical Application
The findings from this research provide valuable information to the fuel cell
community. Applying ultra-low Pt loadings not only reduces costs but will also lead to
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enhanced membrane durability compared to samples with increased Pt loadings (≥ 0.2
mgPt cm-2). This result has serious implications for the application of fuel cells in Heavy
duty vehicles where higher loadings are being considered for higher efficiency and better
catalyst durability. Since, the membrane needs to last 25,000+ hours in these applications
it will be important to ensure that any radical scavenger like Ce stays in the membrane for
the lifetime of the fuel cell. Membrane lifetime can be impacted by catalyst layer
thickness, ionomer concentrations, and carbon support. All of these elements need to be
considered when manufacturing PEMFCs since they affect radical formation. Lastly, it is
imperative to reduce the formation of Pt band in the membrane so that degradation is not
accelerated. The integration of Ce in fuel cell systems is paramount because it will
eliminate free radicals before damage to the membrane can occur even if Pt particles are
in the membrane. This research thus provides new information on ultra-low Pt loadings
and membrane degradation. It will facilitate the development and design of PEMFCs for
mass commercialization.
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